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Abstract 
This thesis presents the development of a validated six Degrees-of-Freedom (6-DOF) 
manoeuvring simulations of a fully appended BB2 generic submarine using Computational 
Fluid Dynamics (CFD). A build-up approach is used to first investigate the hydrodynamics of 
the vehicle’s subcomponents individually, starting with the bare hull and propulsor models (i.e. 
a body force model and rotating model), progressing to the fully appended configuration for 6-
DOF simulations that includes the hull, forward and aft control surfaces and a body force 
propeller. 
The bare hull study involved prescribed motions (i.e. straight line, pure sway, and pure yaw) 
to examine the capability of the CFD model to predict the hydrodynamic forces and moments 
acting on the hull. The CFD predictions are validated, with good agreement, against 
experimental captive model measurements obtained at the Australian Maritime College 
Towing Tank (AMCTT). The propeller study involved hydrodynamic characterisation of a 
marine propeller operating in an open water condition. The global field quantities at various 
advance speeds are predicted using the CFD model, which were validated against experimental 
measurements provided by the Australian Maritime College Cavitation Research Laboratory 
(AMC CRL). Finally, the 6-DOF manoeuvring simulation study involves three generic 
manoeuvring tests (i.e. a straight line, steady turning and zig-zag manoeuvres) with a body 
force propeller and movable control planes commanded by an autopilot. The CFD predictions 
are validated against experimental free running measurements provided by Maritime Research 
Institute Netherlands (MARIN), showing that the 6-DOF manoeuvring CFD model is able to 
predict the vehicle`s trajectory and speeds with reasonable accuracy. 
The developed CFD model and its methodology presented in this thesis can be used by 
underwater vehicle designers to carry out 6-DOF manoeuvring simulations for various vehicle 
designs, configurations and missions. The capability of 6-DOF manoeuvring simulations will 
enable the designers to determine a vehicle’s manoeuvring characteristics for control system 
design and its safe operational limits. 
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1.1.   Introduction 
The motion control of underwater vehicles necessitates control systems that can adjust the 
control planes of the vehicle during a mission in order to maintain its trajectory and carry out 
required manoeuvres. As the control algorithms for the control planes are dependent on the 
vehicle’s manoeuvring characteristics, it is essential to accurately determine the latter in order 
to design an adequate and accurate control system for the vehicle. 
 
The manoeuvring characteristics of the vehicle can be examined using Computational Fluid 
Dynamics (CFD), experiment, or a combination of both through either coefficient-based or 
physics-based methods. The coefficient-based method implements standardised submarine 
motion equations (Gertler & Hagen, 1967; Abkowitz, 1969; Feldman, 1979; Fossen, 1994) 
comprising of a series of hydrodynamic coefficients determined by captive model tests (e.g. 
oblique tow, rotating arm and Planar Motion Mechanism (PMM) experimental programmes), 
numerical simulations (e.g. CFD) and/or analytical deductions. The coefficient-based method 
is commonly adopted as it is relatively fast and cost-effective for both CFD and experimental 
testings, but it is limited in accounting for the non-linear characteristics of the vehicle due to 
unsteady viscosity effects despite efforts to incorporate more complex non-linear models (Ross 
et al., 2007; Watt, 2007). 
 
To address the limitation of the coefficient-based method and increase the accuracy in the 
determination of the manoeuvring characteristics, a physics-based method is implemented in 
this thesis. This method involves free running manoeuvres of the vehicle in response to its 
control planes, propulsor and the environment (see Figure 1-1). The free running test using 
CFD simulations involves the coupling of the governing fluid dynamics equations with Rigid 
Body Dynamics (RBD), enabling the prediction of the vehicle`s motion in the time domain. 
  
Figure 1-1: Free running models: (left) CFD simulation of a model scale submarine (Kim et 
al., 2018); (right) physical submarine model undergoing testing (Overpelt et al., 2015) 
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1.2.   Problem Definition 
 
In the past, experimental free running programmes have been the preferred option for physics-
based determination of the manoeuvring characteristics (Itard, 1999; Issac et al., 2007; Jun et 
al., 2009; Overpelt et al., 2015). CFD free running simulations have rarely been conducted due 
to the complexity of the physical phenomenon involved with the vehicle`s hydrodynamics and 
the large computational resources required to perform simulations incorporating self-
propulsion and moving appendages (Stern et al., 2013). These simulations involve fine 
computational grids and significantly small time step resolutions to capture the three 
dimensional transient flow characteristics around the physical shape of the appendages which 
continuously change position or deflect with time (ITTC, 2011a). Although this can be 
simplified with a body force model in which the influence of the appendages is resolved by 
applying additional body forces or momentum source (ITTC, 2011a), large computational 
resources are still required. 
 
With increasing capabilities in both CFD and High Performance Computing (HPC), CFD free 
running simulation are becoming more affordable and are thus well suited to supplement 
experimental studies. However, the main difficulties and limitations of using CFD are that the 
accuracy of the results greatly depends on the experience of the analyst, the modelling such as 
grid refinement and the simulation settings such as turbulence modelling (ITTC, 2011a). Thus 
it is essential that the simulation models undergo verification through processes such as grid 
dependence studies and validation against experimental and full scale measurements. 
 
1.3.   Background 
 
McDonald and Whitfield (1996), with a team of researchers at Mississippi State University and 
Pennsylvania State University, introduced a physics-based method for the trajectory prediction 
of self-propelled underwater vehicles (i.e. 6:1 prolate spheroid and the appended SUBOFF 
generic submarine geometry). The method used the three dimensional, time-dependent 
Reynolds Averaged Navier Stokes (RANS) equations coupled with the Six-Degrees of 
Freedom (6-DOF) vehicle motion equations (Gertler & Hagen, 1967) that were applied at each 
time step to solve the vehicle dynamics. The computations were carried out using their in-house 
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CFD code, UNCLE. The deflection of the control planes and the resulting effect on the vehicle 
were replaced by external control forces applied to the fixed control planes. The propeller was 
treated using two separate approaches: a body force model and an actual rotating propeller, 
although no direct comparison was made between the two approaches.  
 
Zierke et al. (1997) continued the study of the physics-based method using UNCLE, focusing 
on the methodologies used in the physics-based simulation. Although this work significantly 
contributed towards the use of physics-based models to predict the manoeuvring characteristics 
of underwater vehicles, it was limited in terms of the time accurate motion of the vehicle 
appendages and the propeller rotating effect in the stern region. Zierke noted that future work 
needed to improve the computational efficiency and the coupling with the control algorithm to 
avoid accumulated path errors throughout a manoeuvre. 
 
Pankajakshan et al. (2002) continued the analysis of the methodologies adopted in the physics-
based simulation using UNCLE. The Unsteady Reynolds Averaged Navier Stokes (URANS) 
solver coupled with a 6-DOF rigid body model was used to simulate rudder-induced 
manoeuvres for rudder angles of up to 10 degrees. Deformable and regenerating gridding 
techniques were adopted for control surface movements and propeller rotation. Although the 
vehicle responded as physically expected, no validation was provided.  
 
Phillips (2010) carried out a captive self-propulsion simulation with a body force propeller 
using the commercial CFD software, ANSYS-CFX. The propeller action was captured using a 
novel method of coupling a RANS solver with blade element momentum theory. However, the 
resulting propeller rotational speeds were substantially lower than those observed in the 
equivalent free running experiments. Phillips stated that the potential cause of the discrepancy 
was under-prediction of the vehicle drag, as the CFD analysis did not include the instruments 
and antennas protruding through the hull. Furthermore, development of the simulation was 
suggested for a free running manoeuvring simulation with time dependent action of the control 
planes. 
 
Chase (2012) conducted CFD Open Water Tests (OWTs) of a rotating propeller, and attached 
it to a 1-DOF free running fully appended SUBOFF generic submarine hull, using the in-house 
CFD code, CFDShip-Iowa. The CFD results of the self-propulsion test were validated against 
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experimental measurements in terms of propulsion properties at one speed of 1.75 m/s. 
Although the CFD and experimental results showed good agreement, the work was limited in 
computing the vehicle`s straight line trajectory, speeds and accelerations due to DOF 
restrictions. Chase suggested further simulation coupled with a body force propeller model in 
lieu of a rotating propeller in order to increase the computational speed and thus reduce the 
simulation time.  
 
Bettle (2013) investigated the development and testing of a 6-DOF submarine simulation 
capability that could be used to perform manoeuvring simulations using ANSYS-CFX. The 
simulation involved an URANS solver coupled with the solid body equations of motion 
(Gertler & Hagen, 1967) for the SUBOFF geometry, with applied body forces instead of a 
rotating propeller and deflecting control planes. Bettle recommended further studies on the 
following: modelling the rotating propeller and control plane deflections; autopilot in 
conjunction with dynamic deflection of the control planes; overset grid capability to avoid grid 
distortion or errors on complex geometries (e.g. fully appended submarine); comparison 
between 6-DOF URANS simulations with free running experimental measurements to validate 
the CFD model; and simulations using a more realistic submarine shape. 
 
Coe (2013) performed CFD free running simulations of a General Purpose AUV (GPAUV). 
The CFD study involved URANS simulations coupled with a 6-DOF rigid body kinematic 
model using the commercial CFD software Star-CCM+. The deflection of the control plane 
was realised by an overset grid technique in conjunction with a body force propeller. Coe stated 
that conclusive evidence on the accuracy of the free running CFD model was not obtained from 
validation against experimental measurements, mainly due to issues in the experimental trials 
involving unexplained static offset of rudders (e.g. approximately 4 degree offset during the 
zig-zag manoeuvre). He also stated that the discrepancy between the CFD and experimental 
work may be attributed to the simulation model ignoring the D-rings fitted to the hull for 
deployment and recovery of the vehicle in the experiment. Coe suggested further work on: 
additional experimental measurements for further validation of the CFD simulations; 
performing a steady turning manoeuvre to provide additional insight into the sources of 
discrepancies between CFD and experimental results; and the improvement in the overset grid 
technique to reduce the excessive computational efforts due to very high grid refinement in 
gaps between the control planes and the adjacent ground board. 
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From this review of the literature, the notable limitations in CFD physics-based free running 
models were: 
 
• the need to examine the capabilities of 6-DOF CFD free running simulations for 
underwater vehicles in conjunction with moving control planes commanded by an 
autopilot (McDonald and Whitfield, 1996; Zierke, 1997; Phillips, 2010; Bettle, 2013); 
 
• the accurate application of a body-force propeller (i.e. actuator disk) instead of a 
rotating propeller to increase computational efficiency (Chase, 2012; Bettle, 2013); 
and, 
 
• the comprehensive validation of free running simulations against experimental data for 
a number of manoeuvres to ensure the credibility of the CFD approach (Pankajakshan 
et al., 2002; Bettle, 2013; Coe, 2013). 
 
1.4.   Research Question, Objectives and Outcomes 
 
The aim of this project is to investigate CFD capabilities as a System-Based Design (SBD) tool 
for 6-DOF free running manoeuvring simulations of a fully appended underwater vehicle. The 
motivation behind the study is that the developed 6-DOF manoeuvring simulations will enable 
the designers to determine a vehicle’s manoeuvring characteristics for control system design 
and its safe operational limits. Thus, the main research question for this project is: 
 
How can the 6-DOF manoeuvring simulations of a fully appended underwater vehicle be 
accurately performed using CFD, including the adequate representation of the propeller and 
control planes?  
 
Due to the previously mentioned limitations and difficulties with CFD predictions, the 
approach is to: 
 
• validate the CFD methodology against available experimental data for the hull and 
propeller of underwater vehicles; and  
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• apply the validated CFD methodology in free running simulations incorporating a 6-
DOF underwater vehicle moving under the influence of the propeller and control 
planes. 
 
This requires the project to address the following issues: 
 
• What CFD methodology can be used to accurately predict underwater vehicle 
hydrodynamics?  
• What modelling methods can be used to describe the motion of the vehicle moving 
freely in response to external forces? 
• What propeller model (e.g. body-force and physically rotating models) and how can it 
be used to accurately and efficiently represent the propeller effect? 
• What dynamic gridding techniques (i.e. sliding, re-gridding and overset) can be utilised 
to accurately and efficiently describe the dynamic control surface deflections? 
 
Thus, the research focuses on delivering the following five main outcomes: 
 
• An investigation into the accuracy of CFD predictions of hydrodynamic forces and 
moments acting on a deeply submerged underwater vehicle through quantitative 
validation against experimental measurements. 
• Development of CFD methodology for free running simulation of underwater vehicles 
using an unappended vehicle moving in response to prescribed thrust forces. 
• A study of CFD methodology for a rotating propeller model to provide an accurate 
prediction of the propeller performance characteristics for use in a body force propeller 
model. 
• The 6-DOF CFD free running simulations of a fully appended hull with movable 
control planes and a body force propeller. 
• Validation of CFD predictions for manoeuvring trials (i.e. straight line, steady turning 
and zig-zag manoeuvres) against experimental measurements. 
 
1.5.   Methodology 
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In order to achieve the outcomes, the project utilised a build-up approach to develop the 6-DOF 
manoeuvring simulation model using commercial CFD software and validation through 
experimental data. The build-up approach involves investigating the hydrodynamics of the 
vehicle’s subcomponents individually, starting with the bare hull and propulsor models 
(including body force and rotating model options), and progressing to the fully appended 6-
DOF simulation that includes the hull, forward and aft control surfaces and a body force 
propeller. The work is carried out through the following phases: 
 
Phase 1:  Develop a verified and validated CFD model to predict the hydrodynamic 
coefficients of the underwater vehicle without a propulsor. 
 
Phase 2:  Characterise the propeller performance properties (i.e. KT, KQ and η) of the 
vehicle’s propeller through verified and validated CFD simulations. 
 
Phase 3:  Develop a CFD manoeuvring simulation model of the vehicle under a prescribed 
thrust force and a body force propeller model respectively in 1-DOF and an even 
keel condition. 
 
Phase 4:  Develop a 6-DOF CFD manoeuvring simulation model of the vehicle operating 
with movable control planes and a body force propeller that incorporates the 
prescribed propeller performance characteristics obtained from captive self-
propulsion simulations using a rotating propeller. 
 
Phase 5:  Validate the 6-DOF CFD simulation model against experimental measurements. 
 
1.6.   Limitations of the present studies 
 
The main limitations of the present studies are as outlined below: 
 
• The body force propeller used in the free running simulations is an actuator disk in 
which prescribed momentum sources, based on thrust and torque were obtained from a 
CFD captive self-propulsion test under uniform fluid flow. This limits an accurate 
representation of the fluid flow field when operating in non-uniform conditions. 
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Although the limitation influenced diminutive on the manoeuvring characteristics in 
the manoeuvring trials (i.e. straight line, steady turning and zig-zag manoeuvres) 
presented in this thesis, it could be significant for extreme manoeuvres (e.g. emergency 
rising or collision avoidance), involving a non-uniform axial velocity field that leads to 
tangential and radial variations in the propeller thrust and torque. 
 
• The current study used model scale vehicles for all simulations. The results are limited 
in application to a full-scale vehicle due to the possible scale effects caused by different 
boundary layer profiles and flow separation on the vehicle. 
 
1.7.   Novel Aspects and Significance of the Study 
 
The present research makes an original contribution to the use of CFD as a tool to predict the 
hydrodynamic characteristics and manoeuvring performance of an underwater vehicle. There 
are three significant contributions as outlined below. 
 
• There is very little research in the public domain on 6-DOF free running simulations of an 
underwater vehicle with moving control planes and a propeller. This is mainly due to the 
difficulty of simulation modelling and the requirement of significant computational 
resources. The present study developed a 6-DOF free running simulation model 
incorporating dynamic deflection of the control planes using an overset grid technique and 
a body force propeller model to reduce computational requirements. 
 
• This thesis provided the validated CFD methodologies for the individual component (i.e. 
hull and propeller) of an underwater vehicle, and its application to a free running simulation 
model. The model proved the validity of the methodologies through using different hull 
forms and propeller geometries. The proposed methodologies will contribute to the 
knowledge in the development of free running CFD simulations. 
 
• To date, validation of CFD free running simulations of an underwater vehicle in 6-DOF 
have not been extensively reported in the public domain. With the availability of published 
experimental data (Overpelt et al., 2015), the developed CFD manoeuvring model is 
validated for the straight line, steady turning and zig-zag manoeuvres. 
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1.8.   Vehicle and Propeller Geometries 
 
The geometries of the vehicles and propellers used for the work in Section 1.5 are as follows: 
 
Phase 1 used a scaled axisymmetric SUBOFF submarine hull form shown in Figure 1-2 
(Groves et al., 1989) developed by the Defence Advanced Research Projects Agency 
(DARPA). The un-appended SUBOFF hull from has a length of 1.440m and a diameter of 
0.181m respectively. 
 
 
Figure 1-2: Axisymmetric un-appended SUBOFF submarine hull form (Groves et al., 1989) 
developed by the Defence Advanced Research Projects Agency (DARPA) 
 
Phase 2 used a 5-blade propeller DSTO 115-1 shown in Figure 1-3 designed by the Defence 
Science and Technology (DST) group (Norrison et al., 2016). The propeller has a diamter of 
0.25m with a hub-to-diameter ratio of 0.2:1 and a pitch of 0.3m at 70% of the propeller radius. 
 
  
Figure 1-3: DST five blade propeller, DSTO 115-1, (Norrison et al., 2016) 
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Phase 3 used two bare hulls (i.e. a 6:1 length-to-diameter ratio prolate spheroid with a length 
of 1.5m and the un-appended SUBOFF hull same as that in Phase 1), and a fully appended 
SUBOFF generic submarine model shown in Figure 1-4 (Groves et al., 1989), with a length of 
4.36m and a diameter of 0.51m. 
 
 
Figure 1-4: Appended DARPA SUBOFF generic submarine geometry (Groves et al., 1989) 
 
Phase 4 and 5 used a scaled generic DST/MARIN BB2 generic submarine geometry (Overpelt 
et al., 2015) shown in Figure 1-5, which represents a typical SSK- submarine. This design was 
derived from the hull form introduced by Joubert (2006). The BB2 geometry has a length of 
3.826m and a breadth of 0.523m. 
 
Figure 1-5: DST/MARIN BB2 generic submarine geometry representation a typical SSK- 
submarine. The design was derived from hull form introduced by Joubert (2006) 
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1.9.   Thesis Structure 
 
The thesis follows a “chapterised” structure, which is composed of: an introduction in Chapter 
1; a collection of peer reviewed published or submitted scientific papers in Chapters 2 to 5, 
including additional information as required; the conclusions on the research findings in 
Chapter 6; and Appendices. Note that the simulations conducted in Chapters 2 to 4 were 
performed using ANSYS-CFX v14.5, while those in Chapter 5 were based on Star CCM+ 
v11.02. This was owing to limitations in ANSYS-CFX, especially the absence of a built-in 
capability of defining a local coordinate for moving appendages and overset grid capability. A 
summary of Chapters 2 to 6 and the Appendices is provided below. 
 
Chapter 2: Examines the numerical and experimental methodology in the prediction of the 
hydrodynamic coefficients of an underwater vehicle undergoing prescribed manoeuvres. A 
Horizontal Planar Motion Mechanism (HPMM) test is performed using the un-appended 
SUBOFF (see Figure 1-2) undergoing straight line, pure sway and pure yaw manoeuvrers. This 
study is to ensure the accuracy of the hydrodynamic predictions using the appropriate CFD 
methodology, which forms the basis for the free running simulations. 
 
Chapter 3: Examines CFD methodology for the predictions of the open water propeller 
performance characteristics (i.e. KT, KQ and η) using the 5-blade DSTO 115-1 propeller (see 
Figure 1-3). The predictions are validated against open water experimental measurements of 
the model scale propeller (Norrison et al., 2016) in the Australian Maritime College Cavitation 
Research Laboratory (AMC CRL). The developed CFD methodology is adopted in the captive 
self-propulsion simulations to provide the propeller performance characteristics for a body 
force propeller model utilised in in the free running simulation. A brief introduction of the body 
force propeller model is also presented. 
 
Chapter 4: Investigates the CFD capability of free running simulation models using 
unappended hull forms i.e. the 6:1 prolate spheroid hull and the un-appended SUBOFF hull 
form (see Figure 1-3) and the appended SUBOFF (see Figure 1-4) in 1-DOF under an even 
keel condition. This study includes two propulsion modelling options: a prescribed thrust force 
and a body force propeller model (i.e. actuator disk). These studies provide a foundation for 
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the 6-DOF CFD free running model to accurately simulate the motion of the vehicle in response 
to the selected propulsion model. 
 
Chapter 5: Presents the 6-DOF free running manoeuvring simulation model of a scaled BB2 
submarine (see Figure 1-5) consisting of moving control surfaces and a body force propeller 
model using an actuator disk. The study involves two manoeuvring trials (i.e. straight line and 
steady turning manoeuvres) in 6-DOF with validation against experimental measurements of 
the vehicle conducted at MARIN (Overpelt et al., 2015). In addition, initial results and 
validation work for a zig-zag manoeuvre is also presented. The latter work will be completed 
and published in near future. 
 
Chapter 6: The concluding chapter provides a brief summary of the project followed by the 
body of the chapter that collates the findings and outcomes from the various chapters. These 
conclusions are then discussed in terms of the implications of the research and possible future 
work to address issues raised within the project, and to allow further development of free 
running model simulations.  
 
Appendix I: Provides information on setup of the dynamic grid techniques to model the 
dynamic motion of a hull. 
  
Appendix II: Outlines the uncertainty analysis of the experimental data for Chapter 2. 
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Chapter 2:   Simulation of Captive Model 
This chapter has been published in the International Society of Offshore and Polar Engineering 
(ISOPE) conference and International Journal of Offshore and Polar Engineering (IJOPE). The 
citation for the research article is: 
Kim, H., Leong, Z.Q., Ranmuthugala, D., & Forrest, A. 2014, ‘CFD modelling and validation 
of an Underwater Vehicle undergoing variable accelerations’, International Society of Offshore 
and Polar Engineering (ISOPE) conference  
Kim, H., Leong, Z.Q., Ranmuthugala, D., & Forrest, A. 2015, ‘Simulation and validation of an 
Autonomous Underwater Vehicle in variable accelerations’, International Journal of Offshore 
and Polar Engineering (IJOPE). 
This chapter has been removed 
for copyright or proprietary 
reasons.
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Chapter 3:   Propeller Modelling 
 
This chapter consists of two sub-chapters: 
 
Part 3A-  Rotating Propeller 
 
Part 3B-  Body Force Propeller 
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PART 3A: Rotating Propeller 
 
This sub-chapter has been submitted for review to the Journal of Ships and Offshore Structures. 
 
 
  
46 
 
Abstract 
 
This paper presents an investigation of the hydrodynamic characteristics of a five-bladed 
marine propeller operating in a uniform flow field through numerical and experimental tests. 
The global field quantities, thrust (KT) and torque (KQ) coefficients, as a function of the advance 
coefficient (J) were predicted through Computational Fluid Dynamics (CFD) simulation using 
Reynolds Averaged Navier-Stokes (RANS) equations. Validation of the CFD simulation was 
carried out using the experimental measurements conducted at the Australian Maritime College 
Cavitation Tunnel (AMCCT). The major challenge for the RANS simulations is that the results 
greatly vary with the numerical model settings. Thus, the present study discusses the simulation 
settings including selection of the turbulence model in association with near wall gridding and 
other factors such as state condition and time discretisation to achieve predictions comparable 
to experimental measurements. The CFD predictions were found to be in good agreement with 
the experimental measurement (i.e. less than 5% at up to J =1.1 and 10% at up to J =1.19 for 
KT and KQ). The comparison of the numerical predictions with the experimental measurements 
reveals that the appropriate selection of the turbulence model, boundary conditions, and the 
quality of the grid is critical to predictions of high fidelity for a propeller. 
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3.1.   Introduction 
 
The investigation of the hydrodynamic performance of a propeller is imperative for a marine 
vehicle operating efficiently at a desired speed. Ideally, an efficient propeller should provide 
maximum thrust and minimum torque for the optimum propeller rotation speed. These 
characteristics can be assessed via propeller hydrodynamic performance curves representing 
thrust coefficient, torque coefficient, and efficiency as a function of advance speed ratio. These 
propeller performance indicators (also known as global field quantities) are obtained through 
an Open Water Test (OWT) that involves a propeller operating in a uniform fluid flow. 
 
The OWT can be performed via numerical simulation using Computational Fluid Dynamics 
(CFD) or Experimental Fluid Dynamics (EFD). With the ongoing development of CFD 
technology and computer performances, CFD is increasingly used in the hydrodynamic 
analysis of propellers (Joung et al. (2010); Lu et al. (2012); Guilmineau et al. (2014); and Song 
et al. (2015)). However, the accuracy and reliability of a CFD simulation are still susceptible 
to the simulation settings, including grid strategy and physics model used. Morgut and Nobile 
(2012) studied the influence of grid type (i.e. hybrid-unstructured and hexa-structured grids) 
and turbulence model using Baseline Reynolds Stress Model (BSLRSM) and Shear Stress 
Transport (SST) for the RANS computation of a propeller characteristics in open water 
condition. The study indicated that the both grid types can provide similar levels of accuracy 
of the global field quantities unless detailed investigations of the flow field are needed, and the 
BSLRSM provided only slightly better predictions than the SST. However, the influence of 
near wall gridding and time discretisation on the predictions were not explored.  
 
The present study examines the thrust, torque and efficiency characteristics of a 5-blade 
propeller operating in a uniform flow field at various advance velocities, through CFD 
prediction with EFD validation. The study also examines the influence of various CFD 
simulation settings that can affect the predictions. Five different omega-based turbulence 
models with various near wall grids strategies involving first node y+ and inflation layer 
thickness were evaluated. Other factors that influence the prediction such as time discretisation 
and state conditions (i.e. steady-state and transient) are also investigated. The CFD predictions 
were validated against EFD measurements conducted at the AMC cavitation tunnel. From this 
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study, the authors anticipate the developed methodology to be used for propeller modelling in 
a free-running CFD simulation for marine vessels. 
 
3.2.   Methodology 
 
3.2.1.   Propeller Model 
 
The present study utilised a 5-blade propeller designed by the Defence Science and Technology 
(DST) group (Norrison et al., 2016) (see Figure 3-1). The propeller principal dimensions are 
outlined in Table 3-1. 
 
  
Figure 3-1: DST 5-blade propeller 
 
Table 3-1: Specification of the DST 5-blade propeller 
Description Symbol Values Unit 
Number of blades  5 - 
Hub diameter ratio H/D 0.20 - 
Diameter D 0.25 m 
Propeller disk area AD 49.087 × 10-3 m2 
Chord at 0.7 radius C0.7R 0.697 × 10-1 m 
 
0.2 × D 
= 0.05m 
D = 0.25m 
0.7 × R = 0.175m 
C0.7R = 0.697 × 10-1m 
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3.2.2.   Numerical Programme 
 
a. Simulation setup 
 
The numerical OWTs were conducted using RANS equations with the commercial CFD 
software, ANSYS CFX v16. Double Precision mode was adopted throughout the simulations 
to minimise rounding-off errors. 
 
The numerical tank size was prescribed the same as the size of the experimental tank. The 
boundary conditions applied are: no-slip walls on the propeller and mounting strut; inlet 
condition with a specified flow velocity; and an opening boundary with zero relative pressure 
at the top, side and bottom boundaries (see Figure 3-2). The single-phase fluid was prescribed 
as fresh water, incompressible, and isothermic. The general simulation settings used include 
employed the high-order advection scheme.  
 
 
Figure 3-2: Boundary conditions and arrangement of the propeller in the numerical tank 
 
b. Grid dependence study 
 
Inlet with a 
specified velocity 
Propeller and Mounting 
strut: No-slip wall 
Opening condition with 
zero relative pressure 
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The element size of the grid play an important role in the computation as these influence the 
convergence of values and the computation time. Due to the complexity of the propeller 
geometry, an unstructured tet-grid was selected for its ability to represent the complex 
geometry without excessive time demand. Inflation layers consisting of tet-prisms were applied 
on surface of the propeller and mounting strut to capture the boundary layer. The investigation 
kept a y+ of 12.5 which is the smallest value used for its influence (see section 2.3). Note that 
the y+ is defined as the dimensionless distance measured from the wall surface to the edge of 
the first layer. The first node wall distance (∂y) reflected by the y+ value as shown in equation 
(3-1). 
( )131480 ReLy y
−
+∂ = ×∂                   (3-1) 
 
In order to establish the grid requirements for the propeller simulation, a grid dependence study 
was carried out to ensure the simulation results were consistent and independent of the grid 
density. Figure 3-3 shows the percentage difference of KT and KQ for each grid level compared 
to those for the finest grid level (i.e. 14.5 million). The propeller rotation speed was set at 15 
rps at 4.46m/s of a uniform fluid speed, which is the maximum speed set in the experiment. 
The results show that further grid refinement beyond a 9 million grid affects the KT by less than 
0.6% and the KQ by less than 0.4%. However, the required computation time was significantly 
increased by around 4 times. Given the computational efficiency as well as the acceptable 
accuracy, the present study adopted a 9 million grid with an associated 0.6% uncertainty in the 
predicted values. 
 
 
Figure 3-3: Grid dependence study at 15rps and 4.46m/s inlet flow velocity 
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c. Near wall gridding with RANS omega-based turbulence model 
selection 
 
The evaluation of the near wall gridding treatment with different RANS turbulence model was 
carried out using omega based RANS models. The turbulence models include the Baseline 
Reynolds Stress Model (BSLRSM), standard k-omega (k-ω), Shear Stress Transport (SST), 
omega-based Reynolds Stress Model (Omega RSM), and the Scale-Adaptive Simulation SST 
(SASSST). The near wall gridding treatment was examined as function of the first inflation 
layer height (reflected by y+).  
 
In ANSYS CFX, the omega based RANS models utilise the Automatic Wall Treatment (AWT) 
model for boundary layer modelling. The AWT dictates if the simulation uses the low-
Reynolds wall treatment or the wall function formulation for the boundary layer depending on 
the first layer y+ (ANSYS, 2012). The current study focuses on using the wall function to reduce 
computational cost and allow higher mesh resolution efforts on the surface of the blades. The 
AWT in ANSYS CFX effectively switches to the wall function formulation at y+ values of 
11.06 and above (Hally, 2009). It is also important that the first layer y+ does not exceed the 
log-law region of the boundary layer Thus, the simulations in this study were performed with 
y+ values ranging from 12.5 to 120. 
 
Figure 3-4 shows the KT and Kq predictions of the different turbulence models at various y+ 
values and the EFD measurements with an error bar indicating the experimental errors (i.e. KT 
= 4.2% and KQ = 10.2%). The simulations were conducted with the maximum inlet speed from 
the experiment, i.e. 4.46 m/s, and a propeller rotation speed of 15 rps. 
 
At y+ =12.5, the KT was under-predicted compared to the experimental measurements. This is 
like due to the first layer height being too far into the buffer region of the boundary layer for 
the wall function to be valid. At y+ = 25, the first wall-adjacent node deemed placing in the log 
law layer, resulting in the minimum descripancy of KT and KQ over the various turbulence 
models. However, at y+ = 50, 75 and 120, the errors of KT and KQ become larger due to 
insufficient resolution in the log law layer. This shows that the lower y+ enables the better 
resolution in the log layer region, thus providing the better predictions in KT and KQ. 
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Overall, although SST, SASSST and K-omega provided stable prediction of KT and KQ than 
Reynolds stress models (i.e. Omega-RSM and BSLRSM) throughout the y+ ranges, the 
Reynolds stress models perform better at lower y+ values (e.g. 12.5 and 25) where the better 
resolution of log layer was achieved. Further, the BSLRSM with y+ = 25 provided the most 
accurate predictions in comparison with the EFD measurements (provided by the current EFD 
testing), thus the combination of BSLRSM and y+ = 25 was adopted for the remainder of this 
study. 
 
 
Figure 3-4: Comparison of the KT and KQ between EFD data and CFD prediction using a 
number of turbulence models at various y+ values (at 15 rps and 4.46 m/s inlet flow velocity), 
and the EFD measurements with an error bar indicating the experimental errors (i.e. KT = 4.2% 
and KQ = 10.2%) 
 
d. Boundary layer thickness 
 
Various total inflation layer thicknesses were applied to ensure that the boundary layer is 
sufficiently enclosed within the prescribed inflation layers. A number of thicknesses were 
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estimated based on the experimental based typical boundary layer thickness (i.e. 20 × 10-3 × 
C0.7R) by Carlton (2012), and theoretical estimation by Prandtl (1935) for turbulent flow on a 
plate, (0.16 × C0.7R) /ReC0.7R1/7, where C0.7R (i.e. 0.697 × 10-1) is the maximum span length of 
the propeller at 0.7 times radius from the centre (White, 2011). As Prandtl`s estimation is for a 
flat plate, seven different thicknesses (see Table 3-2) were examined to investigate the 
sufficient thickness to capture the boundary layer around the curved geometry of the propeller. 
The investigation was conducted using the BSLRSM turbulence model and a y+ value of 25. 
 
Table 3-2: KT and KQ predictions adopting various total inflation layer thicknesses (at 15 rps 
and 4.46m/s inlet velocity) 
Property Value Unit 
Carlton (2012) 1.40 × 10-3 m 
0.25 × Prandtl’s estimate 4.411 × 10-4 m 
0.50 × Prandtl’s estimate 8.821 × 10-4 m 
1 × Prandtl’s estimate 1.764 × 10-3 m 
2 × Prandtl’s estimate 3.529 × 10-3 m 
3 × Prandtl’s estimate 5.293 × 10-3 m 
4 × Prandtl’s estimate 7.057 × 10-3 m 
5 × Prandtl’s estimate 8.821 × 10-3 m 
 
Figure 3-5 shows the prediction of the KT and KQ as a function of the total inflation layer 
thicknesses on the blade surface. Both the predicted KT and KQ values were found to be 
independent of the total inflation layer thickness when the thickness value was 5.297 × 10-3 m 
(3 × Prandtl’s estimate) and above. The predictions from values smaller than this thickness (i.e. 
Carlton, and 0.25 , 0.5, 1 and 2 of Prandtl’s estimate) was found to decrease and is attributed 
to the boundary layer exceed the total inflation layer thickness (Carlton, 2012). As a 
conservative measure, a total thickness of the inflation layers corresponding to three times 
Prandtl’s estimate was used for the remainder of the study. 
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Figure 3-5: KT and KQ predictions over a number of total inflation layer thicknesses 
 
e. Time discretisation 
 
ANSYS CFX is an implicit solver which does not require a Courant number to be maintained 
below 1 for numerical stability (ANSYS, 2012). Nonetheless, a series of simulations utilising 
different time steps were conducted to establish the optimal time step whereby its effect on the 
predictions are negligible. The maximum normalised residuals for mass and momentum were 
maintained below 1 × 10-4 using a maximum of six inner iteration loops per time step.  
 
Table 3-3 shows the percentage difference in KT and KQ for four time steps compared to the 
predictions of the smallest time step (5 × 10-4 s) used in this study. The results show that a 
maximum difference of up to 0.14% over the time step values investigated. Thus, the time step 
of 0.005s was used in the rest of the simulations presented in this study.  
 
Table 3-3: Percentage difference of the KT and KQ against the smallest time step (i.e. 5 × 10-4s) 
Time step [s] KT KQ 
1 × 10-2 0.134 0.089 
5 × 10-3 0.107 0.089 
1 × 10-3 0.107 0.089 
2.5 × 10-4 0.080 0.060 
5 × 10-4 – – 
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f. Steady-state vs Transient simulations 
 
The influence of two different state conditions (i.e. steady-state and transient) on the 
predictions were examined. The steady-state simulation adopted a frozen rotor method. This 
utilises a rotating reference frame with the predictions based on the change of reference frame 
with respect to the relative fixed orientation of the propeller over the interface. On the other 
hand, the transient simulation uses a rotor stator method that predicts the true transient 
interaction of the flow by simulating the transient relative motion between the components on 
each side of the General Grid Interface (GGI) connection. The frozen rotor method reduces the 
computational loads compared to the transient rotor stator as it allows a steady-state 
representation of the flow around the propeller. Table 3-4 shows the percentage difference of 
KT and KQ predictions between the steady-state and transient simulations. The maximum 
difference was up to around 3%. As this difference is deemed acceptable in terms of the effect 
of the state condition, the remainder of the study in this paper used the steady state simulations 
due to savings in the computational resource. 
 
Table 3-4: Percentage difference of the KT and KQ in the transient condition compared to that 
in the steady-state for the propeller operating at various inlet flow speeds at 15 rps 
Inlet speed [m/s] KT KQ 
1.974 -1.38 2.47 
2.446 -1.95 2.86 
3.067 -1.85 2.87 
3.685 -0.93 2.44 
4 0.20 2.32 
 
3.2.3.   Experimental Setup 
 
An experimental test was performed at the AMCCT (see Figure 3-6) using the 5-blade 
propeller. This test involved the measurement of the propeller thrust and torque characteristics 
while operating in a uniform flow field. Measurements of mean thrust and torque were made 
for a range of tunnel velocities at a fixed rate of revolution of 15 rps. It is noted that the blockage 
correction was made in the experimental data to avoid the interference due to the confinement 
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of the test section walls. This enables the experimental data comparable with those that would 
be obtained in an infinite flow field.  
 
 
Figure 3-6: Arrangement of the propeller dynamometer and cavitation tunnel section 
 
3.3.   CFD predictions vs EFD measurements 
 
The open water test was conducted at various advance speeds at a fixed rotational speed (i.e. 
15rps or 900rpm). The inlet speeds varied from 1.97m/s to 4.47m/s. Figure 3-7 shows KT, KQ 
and efficiency (η) as a function of advance coefficient ratio. The CFD predictions are found to 
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be a good agreement with EFD measurement (Norrison et al., 2016) with a maximum 
discrepancy of up to 3.5% for KT at J =1.97 and up to 10.2% for KQ at J = 1.19. The 
discrepancies were found to reduce as the advance coefficient decreases. Up to J=1.021, both 
CFD and EFD data showed a very good agreement with a less than 4% difference for both KT 
and KQ. This is attributed to the sensitivity limit of the measurement in EFD whereby the values 
of the thrust and torque become increasingly difficult to measure as they decrease as the 
advance coefficient increases. 
 
 
Figure 3-7: Comparison of the KT, KQ and efficiency (η) between CFD predictions and EFD 
measurements (Norrison et al., 2016) over the advance coefficient (J) from 0.527 to 1.191, 
error bars indicate the maximum experimental errors (i.e. KT = 4.2%, KQ =10.2% and η = 
10.9%) 
 
3.4.   Conclusions and recommendations 
 
This paper presented the numerical and experimental investigations of a propeller operating in 
a uniform fluid flow in order to examine the performance characteristics of a five bladed 
propeller was investigated numerical using CFD. The CFD model was validated via 
experimental measurements. The numerical study included detailed methodology of RANS-
based simulation containing the turbulence model selection among the omega-based turbulence 
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models with the required grid conditions (i.e. first mesh layer height, y+ and total inflation layer 
thickness), also including the appropriate simulation settings (i.e. steady-state and transient 
conditions, and time step). In order to reduce computational load associated with the grid 
resolution, the wall formulation was used in modelling boundary layer for the simulations.  
 
Five omega based turbulence models were investigated in this study: the Baseline Reynolds 
Stress Model (BSLRSM), standard k-omega (k-ω), the Shear Stress Transport (SST), the 
Omega-based Reynolds Stress Model (Omega RSM) and the Scale-Adaptive Simulation SST 
(SASSST). It was found that the BSLRSM predictions at y+ = 25 provided the most promising 
results with good agreement against the experimental measurements.  
 
Investigation of the effect of total inflation layer thickness on the numerical predictions 
recommends that the minimum thickness to be at least be equal to Prandtl’s 1/7th power law 
estimate of a turbulent boundary layer thickness over the maximum span length of the propeller 
at 0.7 times radius from the centre. Under-prescribing the total thickness resulted in lower KT 
and KQ predictions compared to the recommended thickness, while over-prescribing the total 
thickness showed no perceptible differences in prediction. 
 
Overall results showed that, in comparison to the EFD data, the present CFD methodology can 
provide good prediction of the global field quantities of a propeller. The proposed methodology 
will be applied to the upcoming work on free running simulations of marine vessels. This 
current study can be extended to assess and validate the effect of a non-uniform fluid flow (e.g. 
rotating flows) and the presence of the hull on the propeller performance.  
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PART 3B: Body Force Propeller 
 
This sub-chapter presents brief information on a body force propeller. 
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3.5.   Governing Equations 
 
Given the propulsion performance characteristics (KT and KQ as a function of J), the free 
running simulations utilised a body force propeller to reduce the computational time and 
resource. The model used an actuator disk representing the actual propeller geometry with a 
simple cylindrical shape that has identical diameter and thickness. The model prescribed the 
axial and theta momentum sources on the disk using the predetermined KT and KQ, and 
distributed based on the radial circulation distributions presented by Hough and Ordway 
(1964). The axial (fbx) and theta (fbθ) momentum source distributions are given as: 
 
* *1x xfb A r r= −                    (3-2) 
* *
*
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pR  and hR  are the propeller and hub radii, and x∆  is axial extension of the propeller. TC  is 
defined as 28πTK J . Note that this model neglects the tangential velocities and hence the radial 
source term is assumed zero. 
 
3.6.   Momentum Source Distribution 
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An example of the source distributions over the propeller radius is shown in Figure 3-8. The 
propeller has a radius of 0.125m with a hub radius of 0.02m. The both source components are 
zero in the hub and tip, and varied along the propeller radius. 
 
  
Figure 3-8: An example of the axial and theta source distributions over the propeller radius 
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Chapter 4:   Straight Line Manoeuvring 
Simulation 
This chapter has been published in the Proceedings of the Pacific 2015 International Maritime 
Conference. The citation for the research article is: 
Kim, H., Leong, Z.Q., Ranmuthugala, D., Forrest, A. & Chin, C., 2015, ‘CFD modelling and 
validation of an Underwater Vehicle undergoing variable accelerations’, Proceedings of the 
Pacific 2015 International Maritime Conference, 6-8 October 2015, Glebe Island, Australia. 
This chapter has been removed 
for copyright or proprietary 
reasons.
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Chapter 5:   Six-DOF Free Running 
Simulation 
 
This chapter consists of two sub-chapters: 
 
Part 5A-  Straight Line and Steady Turning Manoeuvres 
 
Part 5B-  Zig-zag manoeuvre 
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PART 5A: Straight Line and Steady Turning 
Manoeuvres 
 
This sub-chapter has been published in the Journal of Ocean Engineering. The citation for the 
research article is: 
 
Kim, H., Ranmuthugala, D., Leong, Z.Q., & Chin, C. 2018, ‘Six-DOF simulations of an 
underwater vehicle undergoing straight line and steady turning manoeuvres’, Ocean 
engineering. 
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Abstract 
 
This paper reports on numerical simulations conducted on an underwater vehicle for six-
degrees of freedom (6-DOF) free running manoeuvres using Computational Fluid Dynamics 
(CFD). The CFD manoeuvring trials (straight line and steady turning manoeuvres) were 
conducted using a model-scaled BB2 submarine with movable control planes and a body force 
propeller represented by an actuator disk incorporating predetermined propulsion properties. 
The propulsion properties were obtained from captive self-propulsion simulation adopting the 
actual BB2 propeller. The free running simulations were validated against experimental data. 
The results showed that the 6-DOF CFD simulations are capable of predicting the BB2 
manoeuvring characteristics with good agreement against the experimental data. The 6-DOF 
manoeuvring simulations carried out allow for the unsteady viscosity effects, which is usually 
a limitation of the traditional coefficient-based prediction method. The simulations will enable 
accurate determination of the vehicle’s manoeuvring characteristics, which are essential for the 
control system design and its safe operating envelope. 
 
Keywords: Computational Fluid Dynamics, underwater vehicles, free running model, 6-
Degrees of Freedom manoeuvring simulation, movable control planes 
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5.1.   Introduction 
 
Underwater vehicles require control systems that can adjust the control planes of the vehicle in 
order to carry out course changes and maintain its intended course during a mission. The control 
signals directed to the various control planes are influenced by the vehicle’s manoeuvring 
characteristics. Thus, an accurate determination of the manoeuvring characteristics is essential 
to ensure that the control system of the vehicle is adequately designed to maintain its desired 
trajectory for each manoeuvre during a mission or operation. The manoeuvring characteristics 
can be examined using numerical techniques, experimental programmes, or a combination of 
both. The former includes two approaches, i.e. coefficient-based or physics-based methods. 
The coefficient-based method uses a mathematical model that implements motion equations 
(Gertler & Hagen, 1967; Feldman, 1979) incorporating hydrodynamic coefficients. This 
method is usually adopted because of its rapid simulation time with predefined, constant, 
coefficients. However, it is limited in its capability to carry out accurate manoeuvring 
predictions owing to its inability to capture unsteady viscous effects, specifically cross flow 
and vorticity (Bettle, 2013). To overcome these limitations and increase accuracy in the 
determination of manoeuvring characteristics, the physics-based method is proposed in this 
study. This involves a free running test of a vehicle moving in response to its control planes, 
propeller, and the environment (See Figure 5-1). 
 
 
(a) 
 
(b) 
Figure 5-1: Example of free running model scale submarine: (a) CFD simulation model of the 
BB2 submarine (Australian Maritime College), (b) BB2 free running physical model 
undergoing testing at MARIN (Overpelt et al., 2015) 
 
In the past, free running tests of underwater vehicles have often been carried out experimentally 
using physical models operated in controlled environments (Itard, 1999; Issac et al., 2007; Jun 
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et al., 2009; and Overpelt et al., 2015). However, they have limitations due to cost and the need 
for specialised equipment and facilities. With increasing capabilities in Computational Fluid 
Dynamics (CFD) and High Performance Computing (HPC), CFD based free running tests are 
becoming more affordable and well suited to supplement experimental studies, although 
validation may yet require experimental results. 
 
Chase (2012) conducted a 1-DOF (Degrees of Freedom) free running CFD simulation of the 
fully appended SUBOFF (Groves et al., 1989) generic submarine hull with fixed control planes 
and a rotating propeller. The CFD results were validated against experimental self-propulsion 
test data with good agreement in terms of the propulsion properties (i.e. thrust coefficient, KT; 
torque coefficient, KQ and propeller efficiency, η) at a vehicle speed of 1.75 m/s. However, the 
work was limited to computing the vehicle`s trajectory, speeds and accelerations to 1DOF due 
to the intensive computational cost involved with modelling a rotating propeller. Chase 
suggested replacing the rotating propeller with a body force propeller model that would 
significantly reduce the simulation time.  
 
Bettle (2013) developed a 6-DOF submarine simulation that involved an Unsteady Reynolds 
Averaged Navier Stokes (URANS) solver coupled with the submarine equations of motion for 
the SUBOFF generic submarine. The hydrodynamic characteristics of the propeller and 
controls were represented by force vectors to reduce the computational cost of the model. The 
capability of the Bettle’s model was evaluated for an emergency rising manoeuvre, with the 
results compared against predictions from a coefficient-based simulation. The largest 
difference was found to be a 10 % increase in pitch angle. Bettle attributed this discrepancy to 
the coefficient-based model incorporating rotary hydrodynamic coefficients that were 
calculated using semi-empirical methods. As future work to verify the discrepancy, Bettle 
suggested the 6-DOF URANS simulations should include actual control planes and propeller, 
and compared against free running experimental measurements if available. 
 
Coe (2013) developed a 6-DOF CFD free running model for a General Purpose AUV 
(GPAUV). The study involved URANS simulations coupled with a 6-DOF Rigid Body 
Dynamics (RBD) model using the commercial CFD package, Star-CCM+. The deflection of 
the control planes was realised by an overset grid technique in conjuction with a body force 
propeller. The body force propeller involved an actuator disk which produces thrust based on 
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the known propeller performance curves. Coe stated that the poor agreement in trajectories and 
velocities from the comparison of free running simulations against free running experimental 
measurements were not conclusive. The poor agreement is mainly due to issues on the 
experimental trials involving unexplained static offset of rudders (e.g. approximately four 
degrees offset during the zig-zag manoeuvre). Another possible cause for the discrepancy was 
that the simulations ignored the D-rings which were affixed to the hull to facilitate deployment 
and recovery of the vehicle. Coe suggested further work on additional free running 
experimental measurements for further validation of the CFD results; for example performing 
a steady turning manoeuvre to provide additional insight into the sources of discrepancies 
between CFD and experimental results. 
 
The aim of this study is to investigate CFD capabilities as a tool to conduct the 6-DOF free 
running manoeuvring simulations of a fully appended underwater vehicle. It extends upon the 
works by Bettle (2013) and Coe (2013) by adopting movable control planes and the actuator 
disk propeller in the 6-DOF free running simulation using Star-CCM+. The 6-DOF simulation 
is physics-based and is able to describe the accelerations of the vehicle with respect to the 
forces and moments due to weight, buoyancy and the hydrodynamic forces. The actuator disk 
propeller is described using the propulsion characteristics obtained through the captive self-
propulsion test included in this study. The credibility of the CFD free running simulation results 
was established through validation against experimental data provided by Overpelt et al. 
(2015). The latter experiments were conducted by MARIN at the Seakeeping and Manoeuvring 
Basin (SMB) in Wageningen, Netherlands. The basin filled with fresh water having a density 
of 1000 kg/m3. The experimental data was given for full scale in salt water (1025 kg/m3), which 
required scaling based on Froude scaling laws with a model scale factor (λ) of 18.348 (Overpelt 
et al., 2015). The aft control planes employed a ‘X’ form configuration consisted of four control 
planes moving independently to control the horizontal and vertical motions of the vehicle. The 
individual angle of the planes were commanded by an autopilot that used a Proportional-
Derivative (PD) controller with a coupled proportional and derivative control parameter for 
translations and rotations (Overpelt et al., 2015). 
 
The CFD model and its methodology developed in this study can be used by underwater vehicle 
designers to carry out 6-DOF manoeuvring simulations for various vehicle designs, 
configurations and missions. Addressing the limitation of the coefficient-based prediction, in 
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accounting for the non-linear characteristics of the vehicle due to unsteady viscosity effects, 
the 6-DOF physics-based simulation will enable the designers to accurately determine a 
vehicle’s manoeuvring characteristics for control system design and its safe operational limits. 
 
5.2.   Methodology 
5.2.1.   Investigation Programme 
 
This study utilised the BB2 generic submarine geometry (Overpelt et al., 2015), which 
represents a typical conventional (SSK) submarine. The design was derived from hull form 
introduced by Joubert (2006), and the BB2 hull has a full scale length of 70.2 m.   The BB2 
submarine consists of a sail, x-configuration stern control planes, and a hull with a casing on 
top. This study employed the model scale BB2 geometry (Figure 5-2) based on Froude scaling 
laws with a scale factor (λ) of 18.348, giving the model a length of 3.826m. 
 
 
(a) 
 
(b) 
Figure 5-2: Model scale BB2: (a) MARIN physical model (Overpelt et al., 2015) and (b) CFD. 
The dimensions are: Length (L) = 3.826 m; Breadth (B) = 0.523 m; Depth from deck (D) = 
0.578 m; Depth from sail tip (Dsail) = 0.883 m 
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The submarine motion is described through a 6-DOF body coordinate frame of reference (see 
Figure 5-3), in which the origin (O) is located at the Centre of Gravity (CG) with the positive 
directions along the x, y and z axes being forward, starboard, and vertically downwards 
respectively. The motion variables are listed in Table 5-1. 
 
 
Figure 5-3: Body fixed coordinate with the origin (O) located at the Centre of Gravity (CG) 
 
Table 5-1: Motion variables in a body coordinate frame of reference 
Motion Forces [N] and 
moments [Nm]  
Linear [m] and 
angular 
[degrees] 
displacements 
Linear [m/s] and 
angular [degrees/s] 
velocities 
Linear [m/s2] 
and angular 
[degrees/s2]  
accelerations 
Surge X x u u̇ 
Sway Y y v v̇ 
Heave Z z z ẇ 
Roll K ϕ p ṗ 
Pitch M θ q q̇ 
Yaw N ψ r ṙ 
 
The current CFD model ensures that the Longitudinal Centre of Buoyancy (LCB) is placed at 
the same position as the Longitudinal Centre of Gravity (LCG), and the vertical stability lever 
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was set at 0.022 m with the CG below the Centre of Buoyancy (CB). This gives a vertical 
stability lever of 0.0057 × L, which replicated the physical model. The details of the mass 
properties are presented in Table 5-2. 
 
Table 5-2: Mass properties of the scaled BB2 submarine by a factor of 18.348; the longitudinal 
and vertical CG was measured from the front nose tip and the keel, and the moments of inertia 
(i.e. Ixx, Iyy and Izz) are about the CG. 
Property Value Unit 
Length (L) 3.826 m 
LCG (from the front nose tip) 1.76 m 
LCB (from the front nose tip) 1.76 m 
VCG (from the keel) 0.267 m 
VCB (from the keel) 0.289 m 
Mass (m) 703.976 kg 
Ixx (about the CG) 30.849 kgm2 
Iyy (about the CG) 665.448 kgm2 
Izz (about the CG) 665.229 kgm2 
 
Straight line and steady turning manoeuvres CFD free running tests were calculated at the same 
depth condition (i.e. 2.5 m depth from the water surface in a 5 m deep test basin) as the 
experimental fluid dynamics (EFD) cases. The straight line case involved three vehicle speeds 
(0.73, 0.97, and 1.19 m/s) and the steady turning case involved two effective rudder angles (20 
and 30 degrees) at a nominal speed of approximately 1.19 m/s, which is equivalent to a 
Reynolds number (Re) of 5.2 × 106. The depth and pitch were controlled by an autopilot to 
maintain the desired vehicle stability. All cases adopted movable control planes in conjunction 
with a body force propeller using an actuator disk, which mimicked the propeller propulsion 
properties obtained from a captive self-propulsion test (see Section in 5.2.3 (a)).  Note that sail 
planes were kept at zero degrees for all manoeuvres. A summary of the simulation cases is 
given in Table 5-3. Validation was carried out against experimental measurements provided by 
Overpelt et al. (2015) . 
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Table 5-3: Simulation cases with parameters 
Manoeuvres Effective rudder angle 
[degrees] 
Speed 
[m/s] 
Straight line 0 0.73, 0.97 and 1.19 
Steady turning 20 and 30 1.19 
 
The ‘X’ stern configuration consisted of four control planes moving independently to maintain 
translational and rotational stability in 6-DOF throughout the course of the manoeuvres. The 
autopilot commanded effective rudder (δr) and effective sternplane (δs) angles, with individual 
plane angles (  δup port, δdown port, δup starboard  and δdown starboard ) calculated using 
Equations (5-1) to (5-4) based on the right hand rule with the thumb pointing away from the 
body (Overpelt et al. 2015). Note that the maximum plane angle for each of the control planes 
was limited to 30 degrees. 
 
 δ δ δ= +up port r s                    (5-1) 
= −up starboard r sδ δ δ                    (5-2) 
= − −down starboard r sδ δ δ                   (5-3) 
= −down port r sδ δ +δ                    (5-4) 
 
Thus, the effective rudder and sternplane angles were be calculated as, 
 
4
− + −
= up port down port up starboard down starbor
ardδ δ δ δδ                (5-5) 
s 4
− −+
= up port down port up starboard down starboard
δ δ δ δ
δ                (5-6) 
 
The autopilot and feedback controller utilised a Proportional-Derivative (PD) controller with 
associated proportional and differential control parameters for translations and rotations (see 
Table 5-4), as used in the experiment (Overpelt et al., 2015). 
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Table 5-4: Autopilot PD parameters (Overpelt et al., 2015) for the scaled BB2 submarine by a 
factor of 18.348. 
Description P (Proportional parameter) D (Derivative parameter) 
Symbol Value Symbol Value 
Translation in y direction 
 
𝑃𝑃𝑦𝑦 18.3 
[degrees/m] 
𝐷𝐷𝑦𝑦 0 
[degrees/(m/s)] 
Translation in z direction 
 
𝑃𝑃𝑧𝑧 -55.04 
[degrees/m] 
𝐷𝐷𝑧𝑧 -12.85 
[degrees/(m/s)] 
Rotation about y axis 
 
𝑃𝑃𝜃𝜃 3 
[degrees/degree] 
𝐷𝐷𝜃𝜃 0.7 
[degrees/(degree/s)] 
Rotation about z axis  
 
𝑃𝑃𝜑𝜑 3 
[degrees/degree] 
𝐷𝐷𝜑𝜑 2.85 
[degrees/(degree/s)] 
 
The equations for the PD controller are as follows (Overpelt et al., 2015): 
 
( ) ( )( ) ( ) ( )θ θ= + + +r z z
de t de tt P e t D P e t D
dt
δ
dt
                (5-7) 
( ) ( )( ) ( ) ( )ϕ ϕ= + + +S y y
de t de tt P e t D P e t D
dt
δ
dt
                (5-8) 
 
where ( ) = −desire currente t e e  and 
( ) ( )( ) −
=
−
current previous
current previous
e t e tde t
dt t t
. 
 
5.2.2.   Numerical Strategy 
 
a. Numerical settings 
 
The CFD simulations utilised URANS with turbulence model using the Elliptic blending 
reynolds stress model (CD-adapco, 2015), coupled to 6-DOF RBD (Kim et al., 2015b). The 
URANS equations solved the flow field for prediction of the vehicle’s hydrodynamics. This 
was then applied to compute the vehicle’s resulting motion using the RBD equations with linear 
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and angular momentum solvers for translation and rotation of the vehicle defined as a rigid 
body with its mass properties as referred in Table 5-2. 
 
All simulations in this study were performed under transient conditions to investigate the 
behaviour of the vehicle in the time domain. The fresh water, with the same density as measured 
during the experiments (i.e. 1000 kg/m3), was specified for the single-phase fluid, which was 
assumed to be incompressible and isothermic. To minimise numerical diffusion, a second-order 
upwind scheme, with a maximum of ten inner iteration loops for convergence per time-step, 
was employed in the simulations. Courant-Friedrichs-Lewy (CFL) numbers were maintained 
below 6 in the majority of the computational domain throughout the simulations. Note that a 
segregated flow model is used with a predictor-corrector approach to link between the 
momentum and continuity equations. 
 
b. Grid model 
 
The type and element size of the grid play an important role in the computation as these 
influence the convergence and accuracy of the simulated results. This study used an 
unstructured hybrid polyhedral for its ability to represent the complex geometry without 
excessively dense grid and high time demand. Inflation layers consisting of polyhedral-prisms 
were applied on the surface of the vehicle to capture its boundary layer. The free running 
simulations are extremely sensitive to the grid resolution on the vehicle’s geometry as 
inaccurate geometrical representation leads to errors in prediction of the vehicle’s CB and 
forces and moments on the vehicle (CD-adapco, 2015). Thus, it is important to ensure that grid 
resolution is sufficient to represent the geometry. In this study, the grid resolution error of the 
BB2 geometry was maintained at less than 0.02%. 
 
5.2.3.   Free Running Simulation Setup 
 
The free running simulation model involved the vehicle operating with movable control planes 
and a body force propeller. The latter is described using the propeller performance 
characteristics (i.e. KT , KQ and η) that were obtained from the captive self-propulsion 
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simulation, which was carried out using CFD and employing the propeller geometry used in 
the experiment (Overpelt et al., 2015). 
 
a. Captive self-propulsion model 
 
Model setup 
 
Figure 5-4 shows the grid for a captive self-propulsion model, with the local refinement on the 
aft control planes and the propeller tip, leading and trailing edges, and blade surface regions, 
shown in Figure 5-4 (b), and the actual experimental model propeller and the aft control planes, 
shown in Figure 5-4 (c). The grid size on the interface between the propeller and the 
surrounding fluid flow was prescribed to rotate one grid face per degree based on a maximum 
applied rotational speed employed during the experiments (i.e. 266 rpm). Additional grid 
refinement was carried out on the far field region shown in Figure 5-4 (a), as variation of the 
physical quantities in these regions would be comparatively high. The total boundary layer 
thickness and its distribution was achieved through prescribing the first layer thickness 
reflected by the y+ value, and were estimated based on the calculations presented previously by 
the authors (Kim et al., 2015b). The y+ values were less than 1 for the hull to adequately resolve 
the boundary layer, and a minimum of 30 for the propeller to allow the first node from the 
adjacent hull surface to be placed in the log-wall region for use with a wall function. The 
boundary conditions applied were a velocity inlet forward of the vehicle with zero velocity, 
pressure outlets at the sides around the vehicle, pressure outlet at the boundary aft of the 
vehicle, and no-slip walls on the vehicle (see Figure 5-7 (a)). 
 
 
(a) 
Far field 
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(b) 
 
(c) 
Figure 5-4: (a) Unstructured hybrid polyhedral grid on y = 0 symmetry plane for the captive 
self-propulsion simulations, (b) CFD discretised propeller and (c) physical propeller model 
(Ovepelt et al., 2015). 
 
Discretisation studies 
 
To confirm that the grid providing fluid prediction is independent of the grid discretisation 
resolution, a grid dependence study was performed for the vehicle in the captive self-propulsion 
condition. 
 
Table 5-5: Grid dependence study of the discretised propeller and hull, showing the percentage 
difference to the very fine grid level (4.28 and 19.10 million cells for the discretised propeller 
and hull, respectively) at the operating propeller revolution of 266 rpm and the maximum 
operational speed of 1.4 m/s. 
Grid level 
Propeller Hull 
Cells 
[Million] 
Thrust 
difference to 
Very fine 
grid [%] 
Torque 
difference to 
Very fine 
grid [%] 
Cells 
[Million] 
X force 
difference to 
Very fine 
grid [%] 
Coarse 2.98 1.88 1.19 6.34 2.16 
Medium 4.01 1.74 1.08 9.21 1.82 
Fine 4.28 0.38 0.11 14.78 0.76 
Very fine 4.45 - - 19.10 - 
 
Tip edge 
Leading edge 
Trailing 
edge 
Blade 
surface 
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The thrust and torque of the propeller and the force in the x direction on the hull were examined 
for a series of grid levels from coarse to very fine. Table 5-5 shows the percentage difference 
of each grid level compared to the finest grid at the maximum operating propeller revolution 
of 266 rpm and forward speed of 1.4 m/s. It is seen that, at the fine grid level, the predictions 
of thrust, torque, and X force were within 1 % of the finest (very fine) grid investigated. As a 
conservative measure, the fine grid configuration was adopted for the captive self-propulsion 
simulations. 
 
The temporal discretisation was examined to ensure sufficient time resolution to capture the 
3D transient flow fields around the propeller as well as the vehicle. A time-step dependence 
study was carried out at various time-steps as shown in Table 5-6. It also shows the percentage 
difference of the thrust, torque, and force X between the applied time-step and the smallest 
time-step (0.0005 s, corresponding to 0.8 degrees of propeller rotation per time-step). For the 
propeller, it is seen that at the 0.0015 s time-step, the thrust and torque predictions were within 
1 % of the smallest time-step investigated. For the hull, a time step of 0.025 s or smaller resulted 
in the X force being predicted within 1 % of the smallest time-step. As a conservative measure, 
the time-step of 0.0015 s was utilised for the self-propulsion simulations. 
 
Table 5-6: Time-step dependence study, showing the percentage difference to the smallest 
time-step (0.0005 s, corresponding to 0.8 degrees/s per time-step) for the thrust, torque and X 
force on the propeller and hull at a propeller rotation of 266 rpm and inflow velocity of 1.4 m/s. 
 Propeller Hull 
Time-step 
[s] 
Revolution 
speed per each 
time-step 
[degrees/s] 
Thrust 
difference to 
the smallest 
time-step [%] 
Torque 
difference to 
the smallest 
time-step [%] 
X force 
difference to 
the smallest 
time-step [%] 
0.025 39.897 4.56 3.89 0.25 
0.005 7.979 2.31 1.22 0.16 
0.0015 2.394 0.33 0.22 0.09 
0.0005 0.8 - - - 
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Propeller performance characteristics 
 
The performance characteristics of the propeller were predicted from the captive self-
propulsion tests with a constant rotational speed of 266 rpm and varying freestream velocity at 
the inlet (see Figure 5-5). The advance coefficients (J) were computed based on the average 
velocities measured at a plane placed 0.136 m forward of the propeller origin (see Figure 5-7). 
The predicted performance properties were fed into the actuator disk employed in the free 
running simulations. 
 
 
Figure 5-5: Propeller performance properties of the BB2 propeller under captive self-
propulsion condition with a constant rotational speed of 266 rpm. The advance coefficients (J) 
were computed based on the average velocities measured at a plane placed 0.136 m forward of 
the propeller origin. 
 
b. 6-DOF free running model 
 
The fine grid configuration (shown in Figure 5-6) was selected for the free running simulation 
model. The separate grids for the background fluid domain and control planes were connected 
using the overset interface (see Figure 5-7). The additional grid refinement on the propeller 
wake region shown in Figure 5-7 was prescribed for effective use of the actuator disk (CD-
adapco, 2015). 
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(a) 
 
(b) 
Figure 5-6: (a) Free running model grid adopted (fine grid level, 14 million cells) on y=0 
symmetry plane and (b) magnified view showing the grid refinement around the propeller wake 
region. 
 
The free running vehicle motion was applied to the complete grid domain, including the vehicle 
and the background regions, while keeping the fluid stationary. This prevented the degradation 
of the grid quality that may otherwise have occurred as a result of grid deformation in order to 
accommodate the vehicle’s motion. Similarly, the boundary conditions led to a reduction in the 
interference owing to the proximity of the vehicle to the fluid domain boundaries, allowing a 
reduction of the fluid domain size (Kim et al., 2015a). The applied boundary conditions (see 
Figure 5-7) were as follows: 
• inlet: velocity inlet with zero velocity at the inlet, 
• outlet: zero Pa pressure outlet at the sides with 0.05 turbulence intensity and viscosity 
ratio (µt/µ) of 10, and 
• wall: no-slip wall on the vehicle with zero relative fluid velocity tangential to the 
vehicle`s surface. 
Refined grid 
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The dynamic deflection of the control planes was realised using the overset gridding technique. 
Figure 5-7 shows the overset interface connecting the background and the overset regions 
containing the control planes. The overset regions were imposed on the background region and 
rotated at a rate commanded by the autopilot.  
 
(a) 
 
(b) 
 
(c) 
 
Figure 5-7: (a) Boundary conditions of the computational domain, (b) view from the astern and 
(c) magnified view of the stern region showing the positions of the inflow plane (i.e. located 
forward of the disk origin by 10 % of the disk diameter, d, measuring the inflow velocity for 
computing thrust and torque. 
 
The gap between the planes and the adjacent surface on the hull was around 1 mm in the 
physical model. However, the overset interface requires at least three layers in the gap (CD-
Pressure 
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adapco, 2015), which requires a large number of grid cells with the 1 mm gap. Thus, a 5mm 
gap was chosen for the present simulation model, resulting in resolution of the gap flow without 
excessive grid refinement. It was assumed the error due to the altered gap flow is sufficiently 
small as the increased gap was still small compared to the control plane dimensions. 
 
The actuator disk mimics the effects of a propeller by generating fluid acceleration based on 
the prescribed magnitude and distribution of fluid momentum sources. The axial and 
circumferential momentum sources were computed based on the propeller performance 
properties (KT and KQ) with respect to the advance coefficient (J). This was updated 
simultaneously with an observed inflow velocity at a plane placed forward of the disk origin 
by 10 % of the disk diameter (d), as shown in Figure 5-7. The distribution of the momentum 
sources was prescribed in accordance with the Goldstein optimum method (Goldstein, 1929). 
The method prescribes the distribution of the axial (thrust/swept volume of the disk) and 
circumferential (torque/swept volume of the disk) momentum components over the radial 
direction of the actuator disk. For the actuator disk used, the tangential velocities were 
neglected and hence the radial momentum component was zero (Kim et al., 2015b) . The 
volume of the disk was determined to be equal to that of the propeller (Phillips et al., 2008)  . 
 
5.3.   Results and Discussion 
 
5.3.1.   Straight Line Manoeuvre 
 
The 6-DOF free running simulations of a straight line manoeuvre was carried out to examine 
the propeller revolution speeds and thrust forces at the target vehicle’s speeds of 0.73, 0.97, 
and 1.19 m/s, which are equivalent to approximately 6, 8, and 10 knots at full scale, with the 
vertical control maintaining the depth and pitch angle. The vehicle was initially kept at zero 
trim and depth at its fixed coordinate, and moved in response to the thrust generated by the disk 
propeller until the thrust and vehicle resistance were in equilibrium. The simulation results of 
the thrust and propeller rotational speed were then compared against experimental data. It is 
noted that the experimental data employed for validation used stern and sail planes for vertical 
control, while the CFD simulations used only stern planes for vertical control. This was due to 
the limited availability of experimental data. Given that both the sail and stern planes are mainly 
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used to maintain the vertical position for a straight line course, the experimental data was still 
deemed to be acceptable for validating the CFD predictions; proving the vertical position (i.e. 
depth) was well preserved by the planes. 
 
Figure 5-8 shows the CFD and experimental data of the propeller revolution speed and thrust 
force at the vehicle’s set speeds. The rotational speed and thrust predictions were in very good 
agreement with the experimental measurements, with differences less than 2 %. 
 
 
Figure 5-8: CFD and experimental data of the propeller revolution speed and thrust force at the 
vehicle`s speeds of approximately 0.73, 0.97, and 1.19 m/s. 
 
5.3.2.   Steady Turning Manoeuvre 
 
The steady turning manoeuvre involved two effective rudder angles (δr = 20 and 30 degrees) 
executed at a target speed of approximately 1.19 m/s (equivalent to 10 knots at full scale). 
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When the target speed was reached with a constant propeller rotation, the effective rudder 
angles were prescribed. The depth and pitch angle were maintained during the manoeuvre by 
the stern planes with sail planes kept at zero angle. Note that all turns were performed to the 
port side. The x-y trajectories for both turns are shown in Figure 5-9. 
 
  
(a) (b) 
Figure 5-9: CFD and experiment x-y trajectories for effective rudder angle of (a) 20 degrees 
and (b) 30 degrees steady turning manoeuvres at an approximate forward speed of 1.19 m/s. 
 
Table 5-7 shows the percentage difference between CFD and EFD for manoeuvring 
characteristics as per ITTC (2002a), presented in the non-dimensional form based on vehicle 
length. In both turns, CFD predicted a higher transfer (the perpendicular distance travelled by 
the CG from the position at start of the turn) at 90 degrees of vehicle`s original heading owing 
to the greater vehicle`s thrust forces before reaching a steady turn. As the prescribed thrust and 
torque in the disk propeller are based on a uniform fluid flow, the over-prediction of the transfer 
may be caused by the disk propeller being unable to accurately predict the loss of thrust force 
 (see Figure 5-10) involving non-symmetric flow on the propeller plane. Overall, the maximum 
discrepancy was found to be 7.26 %, which still represents a good agreement between CFD 
and experiments. 
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Table 5-7 Percentage difference between CFD and experiment for Length (L) based non-
dimensional manoeuvring characteristics (ITTC, 2002a) for effective rudder angles of 20 and 
30 degrees steady turning manoeuvres at a forward speed of approximately 1.19 m/s. 
Effective 
rudder 
angle 
 1 Advance at 
90 degrees 
[m] 
2 Transfer at 
90 degrees 
[m] 
3 Tactical 
diameter at 
180 degrees 
[m] 
4 Turning  
radius at 
180 degrees 
[m] 
20 degrees CFD 2.65 L 1.47 L 3.30 L 1.60 L 
 Experiment 2.60 L 1.58 L 3.28 L 1.55 L 
 Difference [%] 2.13 6.87 0.37 3.32 
30 degrees CFD 2.22 L 1.14 L 2.77 L 1.43 L 
 Experiment 2.17 L 1.23 L 2.80 L 1.42 L 
 Difference [%] 2.22 7.26 1.24 0.71 
1 Advance at 90 degrees: distance travelled by the Centre of Gravity (CG) in a direction parallel to the original course at a 
vehicle`s heading angle of 90 degrees 
2 Transfer at 90 degrees: perpendicular distance travelled by the CG at a vehicle`s heading angle of 90 degrees 
3 Tactical diameter at 180 degrees: perpendicular distance travelled by the CG at a vehicle`s heading angle of 180 degrees 
4 Turning radius at 180 degrees: radius of the circular arc travelled by the CG at a vehicle`s heading angle of 180 degrees 
 
Figure 5-10 shows the time series of the linear velocities and thrust forces for both turns with 
the effective rudder angle executed at 0 s. The velocities from both the CFD and experimental 
data followed the trends well with CFD slightly over-predicting u by a maximum of 2 % during 
the steady turning phase of 30 degrees effective rudder turn (see Figure 5-10 (b)). This is 
attributed to the relatively stronger vortices generated by control planes compared to those of 
the 20 degrees effective rudder turn. The stronger vortices caused the decrease in thrust force 
in the experiment, whereas CFD predictions were limited to due to the absence of the propeller 
blades, and thereby marginally over-predicted u. Further free running simulations using a 
rotating propeller (currently being carried out by the authors) will address this discrepancy, 
although the simulation will require significantly greater computational time (Stern et al., 
2013). 
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(d) 
Figure 5-10: Time history of the (a) and (b) linear velocities and (c) and (d) propeller thrust 
forces for effective rudder angles of 20 and 30 degrees steady turning manoeuvres at a forward 
speed of approximately 1.19 m/s. 
 
The time histories of the depths (z) during the turns are shown in Figure 5-11. The discrepancy 
may be attributed to the coupling nature between pitch angle and depth within the autopilot. 
For example, the slight over-prediction of pitch angle by about one degree (see Figure 5-12) 
might cause difference of the predicted depth by 0.05 m. In addition, it is hypothesised that the 
setting of the desired values for depth and pitch angle for the calculation of the effective stern 
plane angle (see Equation 8) in the autopilot may cause the discrepancy. The desired values 
used in the experiment are unknown whereas those in CFD are set to zero (i.e. original depth 
at start of the manoeuvre), which resulted in a difference in the commanded control plane 
angles between CFD and experiment (see Figure 5-14). Nevertheless, it is seen in Figure 5-11 
that the vehicle’s depth gradually decreased and eventually converged to a constant value for 
both CFD and experiment. 
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(a) 
 
(b) 
Figure 5-11: Time history of the depth (z) for rudder angle of (a) 20 degrees and (b) 30 degrees 
steady turning manoeuvres at a forward speed of approximately 1.19 m/s. 
 
A time trace of roll (ϕ) and pitch (θ) angles is shown in Figure 5-12. It is observed that the 
vehicle had a tendency to pitch bow up when in a steady turn. This is likely attributed to the 
out-of-plane forces caused by the presence of the sail, resulting in a generation of the downward 
force on the vehicle`s stern region (Leong et al., 2016).  As previously discussed, the 
discrepancy in pitch angle may be due to the difference in the effective stern plane angle due 
to the desired values for depth and pitch angle set in the autopilot. Another possible cause of 
the discrepancy might be a slight difference in CB between the CFD and physical models, 
which might possibly be aggravated by the increase in pressure with depth in experimental 
testing. The roll angle caused by a reaction to the propeller torque and side forces on the vehicle 
was predicted to less than a degree discrepancy. 
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(a) 
 
(b) 
Figure 5-12: Time history of the roll (ϕ) and pitch (θ) angles for effective rudder angle of (a) 
20 degrees and (b) 30 degrees steady turning manoeuvres at a forward speed of approximately 
1.19 m/s. 
 
The time series of the roll (p), pitch (q) and yaw (r) rates are shown in Figure 5-13. The CFD 
predictions converge to a fairly constant value and agree well with experimental data. 
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(a) 
 
(b) 
Figure 5-13: Time history of the angular velocities of the roll (p), pitch (q) and yaw (r) for 
effective rudder angle of (a) 20 degrees and (b) 30 degrees steady turning manoeuvres at a 
forward speed of approximately 1.19 m/s. 
 
The angles of each control plane for effective rudder angle of 20 and 30 degrees turns are 
shown in Figure 5-14. While the effective rudder angles in the equation (5-5) were set to 20 
and 30 degrees, the difference in the control plane angles between the CFD and experimental 
data were due to discrepancies in the calculated effective stern plane angles in the equation (5-
6) which was affected by predictions of pitch angle and depth. Although the CFD predictions 
in the control plane angles are slightly different from the experimental measurements, the 
control planes are deemed to function correctly as the vehicle`s pitch angle and depth were 
maintained constant during the steady turn (shown in Figures 11 and 12). 
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(a) 
 
(b) 
Figure 5-14: Time series of angle of the control planes for effective rudder angle of (a) 20 
degrees and (b) 30 degrees steady turning manoeuvres at a forward speed of approximately 
1.19 m/s. 
 
5.4.   Conclusions 
 
This study investigated the capabilities of a CFD free running simulation model through the 
self-propelled BB2 undergoing straight line and steady turning manoeuvres in comparison to 
-40
-30
-20
-10
0
10
20
30
40
0 5 10 15 20 25 30 35
D
isp
la
ce
m
en
t [
de
gr
ee
es
]
Time [s]
Pup (CFD) Pup (Exp)
SBup (CFD) SBup (Exp)
Pdn (CFD) Pdn (Exp)
SBdn (CFD) SBdn (Exp)
20 degrees effective rudder
-40
-30
-20
-10
0
10
20
30
40
0 5 10 15 20 25 30 35
D
isp
la
ce
m
en
t [
de
gr
ee
s]
Time [s]
Pup (CFD) Pup (Exp)
SBup (CFD) SBup (Exp)
Pdn (CFD) Pdn (Exp)
SBdn (CFD) SBdn (Exp)
30 degrees effective rudder
110 
 
experimental data. The simulations implemented an actuator disk propeller which prescribed 
the momentum sources based on the propeller characteristics obtained from a CFD captive self-
propulsion test included in this study. The simulations also incorporated the dynamic deflection 
of the control planes in which the angles were commanded by an autopilot. The results showed 
that the full 6-DOF CFD manoeuvring model is able to predict a vehicle`s speed and 
manoeuvring characteristics (i.e. advance, transfer, tactical diameter and turning radius) that 
were in satisfactory agreement with experimental data, with a maximum error of 7.26 %. 
 
Overall, this study shows that CFD is able to accurately simulate a free running test, which can 
be a cost-effective tool to complement and reduce the more expensive free running 
experimental work. The developed 6-DOF manoeuvring simulations will enable the designers 
to determine a vehicle’s manoeuvring characteristics, which is essential to design an adequate 
and accurate control system for the vehicle. 
 
The capability of the present free running simulation is being extended to incorporate an actual 
propeller. This will allow for replicating the actual rotating flow that is able to address the 
discrepancies encountered with an actuator disk propeller. In addition, further work on the 
propulsion properties will be conducted by modelling the actual propeller operating in an 
oblique flow field, which should increase the accuracy of the results in the steady turning 
manoeuvring case. 
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PART 5B: Zig-zag manoeuvre 
 
This sub-chapter presents preliminary simulation results for the BB2 model scale submarine 
undergoing a 20/20 horizontal plane zig-zag manoeuvre. The results are compared against 
experimental measurements provided by MARIN (Overpelt et al., 2015). The simulation 
employs the same geometry, grid and simulation settings as discussed in Part 5A. This work is 
currently being finalised and will be published in near future. 
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5.5.   Introduction 
 
This section outlines the preliminary results for a free running simulation of the BB2 model 
scale submarine undergoing a 20/20 horizontal plane zig-zag manoeuvre (as defined in ITTC, 
2011a) at approximately 1.19 m/s with a constant propeller rotation. Validation is carried out 
by comparing the simulation results against the experimental measurements obtained at 
MARIN (Overpelt et al., 2015). This simulation and validation work is currently being finalised 
and will be published in near future. 
 
5.6.   Methodology 
 
The CFD free running simulation utilised the same grid and simulation settings as described in 
Part 5A, for the BB2 model-scale submarine (Overpelt et al., 2015) operating with movable aft 
control planes and a body force propeller (see Figure 5-15). For the 20/20 horizontal plane zig-
zag manoeuvre, the effective rudder angle (δr) is initially set to -20 degrees and held steady 
until the vehicle`s yaw heading angle become -20 degrees (see Figure 5-16). The rudder angle 
is then changed to +20 degrees and the manoeuvre repeated. The depth and pitch angle are 
maintained during the manoeuvre by the stern planes with the sail planes kept at zero angle. 
 
 
Figure 5-15: Free running CFD simulation of the BB2 model scale submarine undergoing a 
20/20 zig-zag manoeuvre with movable aft control planes and a body force propeller. The 
horizontal slice plane shows the velocity field. 
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5.7.   Results 
 
Figure 5-16 shows the time histories of the vehicle`s roll (ϕ), pitch (θ), yaw (ψ) and the 
prescribed effective rudder angles for the 20/20 zig-zag manoeuvre. The CFD results in Figure 
5-16 (a) are qualitatively good compared to the experiment measurements, with the errors of 
the yaw angle overshoot and phase differences well within 10%. These errors are attributed to 
the control plane displacement rate limiter of 30.46 degrees/s in the experimental setup that 
was not replicated in the CFD simulation. This is currently being implemented in the CFD 
model, which should improve the comparison between the CFD and experimental results. 
 
 
(a) 
 
(b) 
Figure 5-16: Time series results for a 20/20 zig-zag manoeuvre of the BB2 model scale 
submarine executed at a forward speed of approximately 1.19 m/s: (a) yaw and effective rudder 
angles; and (b) roll and pitch angles. 
 
Figure 5-16 (b) shows that the general trend of the roll and pitch angles are well captured by 
the CFD in comparison to the experimental data, although the errors of the roll and pitch angles 
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are found to be a maximum of 2.5 degrees. The errors are attributed to the exclusion of moving 
sail planes for vertical control in the CFD simulation, as the experiment utilised both the sail 
planes and aft control surfaces for vertical control. The vehicle showed a bow up attitude when 
the vehicle`s yaw is at the maximum overshoot angles due to the presence of the sail that causes 
an out-of-plane downward force on the vehicle`s stern region (Leong et al., 2016). Further 
simulations are currently being carried out with the inclusion of moving sail planes to replicate 
the experimental setup. 
 
 
(a) 
 
(b) 
Figure 5-17: Time series results for a 20/20 zig-zag manoeuvre of the BB2 model scale 
submarine executed at a forward speed of approximately 1.19 m/s: (a) linear (u, v and w) 
velocities; and (b) angular (p, q and r) velocities. 
 
The time series of linear (u, v and w) and angular velocities (p, q and r) are shown in Figure 
5-17. It is observed that the general trends in the CFD predictions were in good agreement with 
the experimental measurements for the linear velocities. A more notable variance in the angular 
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velocities was observe which should improve with the inclusion of the maximum control plane 
rate limiter and the movable sail planes introduced into the new CFD simulation model. 
 
5.8.   Conclusions and Further Work 
 
This section presented the preliminary CFD predictions for a 20/20 horizontal plane zig-zag 
manoeuvre for the BB2 model scale submarine and its comparison against available 
experimental data (Overpelt et al., 2015). The CFD predictions are generally in good agreement 
with the experimental measurements, although some angular parameters do exhibit some 
differences. These are attributed to the exclusion of the control plane displacement rate limiter 
and the movable sail planes in the CFD simulation model. These are currently being included 
and additional horizontal and vertical plane zig-zag manoeuvres are being carried out. These 
will be published in the near future. 
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Chapter 6:    Summary, Conclusions and 
Future work 
 
This chapter presents the overall summary and conclusions on the findings in this project, 
followed by recommendations to provide guidance for future work. 
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6.1.   Summary 
 
This thesis presents an investigation into Computational Fluid Dynamics (CFD) as a System-
Based Design (SBD) tool to develop Six-DOF (6-DOF) free running simulation manoeuvring 
models of a fully appended underwater vehicle. This simulations enable the designers to 
determine a vehicle’s manoeuvring characteristics for control system design and its safe 
operational limits. A review of the literature showed that free running tests of underwater 
vehicles have often been carried out experimentally using physical models operated in 
controlled environments, which has a number of limitations due to costs and the need for 
specialised equipment and facilities. With increasing capabilities in CFD and High 
Performance Computing (HPC), CFD-based free running simulations are now well suited to 
supplement experimental studies. However, the required capabilities of the simulations, 
including 6-DOF motion and action of the propeller and control planes, have yet to be 
established and validated, which forms the motivation of this project. 
 
The selected underwater vehicles for the simulation work was the fully appended DST/MARIN 
generic submarine hull form BB2, with the physical free running model testing carried out and 
published by MARIN (Overpelt et al., 2015). The vehicles has also undergone numerous 
simulations and captive model experiments to identify its hydrodynamics characteristics in a 
number of configurations, ranging from bare hull to its fully appended configuration. The 
modelling was performed using two commercial CFD software packages: ANSYS-CFX and 
Star CCM+. The project initially utilised ANSYS-CFX but switched to Star CCM+ owing to 
limitations of the former in modelling the 6-DOF fully appended free running simulation. At 
the time of this change, ANSYS-CFX did not have a built-in capability of defining a local 
coordinate system for individually moving components (i.e. hull, propeller, and control planes). 
The global coordinate was set as a default and could not be altered. This issue was resolved 
with Star CCM+ that enabled the user to specify multiple local coordinates. This was essential 
to define motion of individual components moving independently of the vehicle`s motion. The 
various coordinates were fixed to specified locations on the vehicle. Another limitation was 
that ANSYS-CFX v14.5 offered only two dynamic gridding techniques (i.e. immersed solid 
and re-meshing) that were determined to be inappropriate for the 6-DOF free running model. 
The immersed solid method was unable to accurately predict forces on an object owing to its 
inability to accurately account for the boundary layer. The re-meshing method was 
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computationally extensive owing to continuous mesh updates. These grid technique drawbacks 
were resolved by using the overset gridding method available in Star CCM+. Note that the 
simulations conducted in Chapters 2 to 4 were performed using the Baseline Reynolds stress 
model (ANSYS, 2012), whilst those in Chapter 5 were based on the Elliptic blending Reynolds 
stress model (CD-adapco, 2015). 
 
This project adopted a build-up approach to first investigate the hydrodynamics of an 
underwater vehicle’s individual component. The work commenced investigating bare hull and 
different propeller models, such as a rotating propeller and a body force (actuator disk) model. 
The final 6-DOF simulation model consisted of the fully appended vehicle configuration that 
included the hull with casing, forward and aft control surfaces, and the propeller. 
 
Initially a bare hull model undergoing prescribed pure sway and pure yaw motions was 
numerically simulated and validated using experimental hydrodynamic force and moment 
measurements on the hull obtained through Horizontal Planar Motion Mechanism (HPMM) 
work at the Australian Maritime College Towing Tank (AMCTT). This established the 
appropriate CFD methodology to accurately predict the hydrodynamic loads, which forms the 
foundation for the free running simulation model. 
 
The propeller modelling commenced with the CFD simulation of an open water propeller 
validated against data from the Australian Maritime College Cavitation Research Laboratory 
(AMC CRL) to examine its hydrodynamic characteristics. The CFD model was able to 
successfully predict the global field quantities at various speeds of advance. The developed 
methodology was then adopted in the captive self-propulsion test of the underwater vehicle 
that provided the propeller propulsion properties for the body force propeller used in the free 
running simulations. 
 
The capability of CFD free running simulations was examined through the motion predictions 
of the coupled flow and Rigid Body Dynamics (RBD) solver simulations. The simulations 
implemented two propulsion types: a prescribed thrust force and a body force propeller model 
using an actuator disk. The thrust force were first imposed on two bare hulls (i.e. an 
axisymmetric prolate spheroid and the SUBOFF generic submarine geometry) undergoing 
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straight line manoeuvres. This was followed by the addition of an actuator disk to a fully 
appended SUBOFF hull. 
 
Finally a number of 6-DOF manoeuvring simulations were performed for the fully appended 
BB2 submarine hull form undergoing three generic manoeuvring tests (i.e. straight line, steady 
turning, and zig-zag manoeuvres) with an actuator disk propulsion model and movable control 
planes commanded by an autopilot. The dynamic deflection of the control planes was realised 
using an overset grid technique. The actuator disk propeller prescribed the rotational flow based 
on predetermined propulsion properties (i.e. thrust coefficient, KT; torque coefficient, KQ; and 
propeller efficiency, η) that were obtained from captive self-propulsion simulations using the 
actual propeller. The CFD simulations were validated against experimental measurements 
generated by MARIN from their physical free running model tests. 
 
6.2.   Conclusions 
 
The main conclusions of this study on CFD as a system-based design tool to conduct 6-DOF 
free running manoeuvring simulations of a fully appended underwater vehicle are presented 
below: 
 
• Hydrodynamic loads on a fully submerged body: Properly configured, CFD is 
clearly able to accurately predict hydrodynamic loads (forces and moments) on a fully 
submerged body undergoing steady-state and transient manoeuvres using URANS 
simulations, with good agreement against experimental data. This was established 
based on captive model tests on the SUBOFF submarine hull undergoing drift angle, 
pure sway and pure yaw manoeuvres, and the axisymmetric prolate spheroid body 
undergoing drift angle manoeuvres. However, CFD should not be used as an 
independent tool for hydrodynamic predictions, as results have shown that the accuracy 
is heavily dependent on the quality of the computational grid and the simulation model 
settings. Thus, it is essential that the CFD model is verified and validated to establish 
confidence in the predicted hydrodynamics for an underwater vehicle undergoing free 
running manoeuvres. 
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• Dynamic motion of an underwater vehicle: The combination of the moving domain 
and overset grid techniques has shown to be the most effective and efficient method in 
accurately describing the dynamic motion of an underwater vehicle. The moving 
domain approach overcomes the common restrictions of a grid deformation approach 
such as maintaining grid quality under deformation and the need for excessively large 
domains to capture the full motion of the vehicle. This essentially allows the vehicle to 
move without spatial restriction. However, the moving domain approach does not 
enable independent motions of multiple objects within the domain, thus requiring the 
inclusion of the overset grid technique for the movable control planes of the vehicle in 
the free running simulation.  
 
• Movable control planes using overset grid technique: The overset grid technique has 
proven its capability to accurately and efficiently model the deflection of control planes 
on an moving underwater vehicle with a good agreement against experimental data. 
The overset grid technique is preferred to other options such as sliding and deforming 
grid for the free running simulation model. For deforming grid, it is difficult and 
expensive to maintain the grid quality during large deformations. In addition, unlike 
sliding grid, the overset grid technique can effectively handle the intersection between 
rotating and stationary surfaces within the tolerance of the existing grid by allowing a 
rotating surface/domain to pass through a stationary surface. 
 
• Propulsor: The body force propeller (actuator disk) is the preferred propulsor option 
in comparison to a physically rotating propeller for the CFD simulation of a free 
running model. The body force propeller option significantly reduces computational 
time against the rotating propeller option, that latter requiring large computational 
resources and lengthy simulation time due to the fine spatial and temporal resolutions 
to resolve its flow field and revolutions. However, it is noted that the body force 
propeller model requires pre-determined propeller performance characteristics, which 
may require either CFD or experimental work to quantify the characteristics. The body 
force propeller has performed well for the manoeuvring trials (i.e. straight line, steady 
turning and zig-zag manoeuvres) with good agreement against experimental data. 
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• Motion response of the vehicle in 1-DOF: The free running simulation model 
developed for the 1-DOF straight line manoeuvre is clearly able to simulate an 
underwater vehicle moving in response to external forces. However, it is important to 
note that the 1-DOF model is limited in representing the actual behaviour of the vehicle 
undergoing a straight line manoeuvre. This is attributed to a non-axisymmetric body 
due to the presence of the casing, sail and sail planes; and the absence of control plane 
action to compensate for the vehicle`s roll, pitch, yaw, heave and sway variations in 
order to maintain its trajectory (as shown in both the numerical and experimental 6-
DOF results). 
 
• Motion response of the vehicle in 6-DOF: The 6-DOF CFD URANS free running 
simulation model with movable control planes and a body force propeller developed in 
this study clearly proved its ability to accurately replicate the free running experiments 
conducted by MARIN . The following conclusions are based on the three 6-DOF 
manoeuvring trials investigated, i.e. straight line, steady turning and zig-zag 
manoeuvres. 
 
o Straight line manoeuvre: The simulation results demonstrated the feasibility of 
providing a thrust force corresponding to the prescribed revolution speeds in 
order to achieve the vehicle’s target speeds. The CFD predictions of the 
rotational speed and thrust were in very good agreement with the experimental 
measurements, with differences of less than two percent. It was also shown that 
control planes commanded by the autopilot algorithm were able to maintain the 
straight line course during the manoeuvre. 
 
o Steady turning manoeuvre: The simulation model clearly demonstrated the 
feasibility of deflecting the control planes to carry out tuning manoeuvres while 
maintaining the vehicle’s depth and pitch angle. The predictions showed good 
agreement with the experimental measurements, with a maximum discrepancy 
of less than eight percent for the manoeuvring characteristics (i.e. advance, 
trasfer, tactical diametre and turning radius). Overall, the time histories of the 
trajectories, velocities, thrust forces and angles of the individual control planes 
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proved that the 6-DOF manoeuvring model provides manoeuvring predictions 
with good agreement against the experimental measurements.  
 
o Zig-zag manoeuvre: The preliminary comparisons between CFD results and 
experimental measurements have shown that the free running simulation model 
is capable of predicting the vehicle`s behaviour observed in the experiments. 
 
The work presented in the thesis has clearly shown that the CFD 6-DOF URANS free running 
simulation capability is a valuable tool that provides a cost effective method to obtain 
manoeuvring data in comparison to equivalent experimental testing. It also enables full scale 
data and flow visulisation (e.g. velocity and pressure fields) that is not always possible to obtain 
experimentally. The CFD results can be used to complement experimental free running 
programmes and indeed plan experimental campagnes that require significant resources and 
time. 
 
6.3.   Implications and Contribution to the Research Area 
 
In this project, CFD and experimental studies were conducted to develop a validated 6-DOF 
CFD free running simulation model. This capability enables the 6-DOF simulation of an 
underwater vehicle moving in response to the actions of its control planes and propulsor, in 
order to examine its behaviour in a controlled environment. The simulation capability 
developed in this project will help designers to accurately determine the vehicle’s manoeuvring 
characteristics for control system design, along with its manoeuvring efficiency. In addition, 
the accurate manoeuvring predictions of an underwater vehicle will contribute to enhancing 
the fidelity of establishing safe operating envelopes. 
 
The work also included the validated CFD methodologies to represent the vehicle`s individual 
components, such as the hull and propeller, and the application of URANS to develop a free 
running simulation model. The presented methodologies will assist in further developing free 
running CFD simulations for the manoeuvring predictions of underwater vehicles undergoing 
various manoeuvres and operating conditions. 
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6.4.   Further Work 
 
The work presented in this thesis can be expanded to cover additional manoeuvring cases and 
operating conditions to provide data on the behaviour of the vehicles under those conditions. 
In addition, the use of a full scale submarine and a rotating propeller will enhance the fidelity 
of the simulations. Thus, the following recommendations for further work are presented: 
 
• The implementation of a rotating propeller in the 6-DOF free running 
simulations: The present free running simulation model implemented an actuator disk 
in lieu of a rotating propeller for computational efficiency. As stated in Section 6.2, the 
pre-set propulsion properties were obtained from a CFD captive self-propulsion test 
under uniform fluid flow. This limits the accurate representation of the fluid flow field 
when operating in non-uniform conditions, such as within the boundary layer and wake 
of the vehicle. Although this limitation had little influence on the manoeuvring 
characteristics in the straight line, steady turning and zig-zag manoeuvres, it could be 
significant for extreme manoeuvres, such as emergency rising or crash back, which 
involves complex and highly transient flows. The implementation of an actual propeller 
will enable better representation of the flow characteristics around the propeller, thus 
improving accuracy. In addition, the modelling of the two propeller types within the 6-
DOF simulation model will enable comparison of the two and possible improvements 
to the actuator disk model. 
 
• Further validation for more manoeuvring trials: Further validation of CFD 
manoeuvring results against experimental measurements are suggested for more 
manoeuvring trials such as horizontal and vertical plane zig-zag manoeuvres. The 
preliminary validation of CFD results against experimental data showed a good 
agreement for a 20/20 horizontal plane zig-zag manoeuvre. Further simulations on 
additional horizontal and vertical plane zig-zag manoeuvres are currently being carried 
out.  
 
• Various operational conditions: The present simulations were performed in fully 
submerged deep water conditions. The work can be further extended to various 
operational conditions such as near surface operations, near seabed/shallow water 
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environments, and operating in close proximity to other vehicles, especially those 
underway. Safe operation in these conditions becomes increasingly crucial due to a shift 
in focus to littoral operations and crowded surroundings (Bettle, 2013). When operating 
at near surface depths, a vehicle has a tendency to pitch bow down due to the presence 
of the free surface generating considerable suction force in the vehicle`s stern (Leong 
et al., 2016). Moreover, a vehicle passing in close proximity to another moving vehicle 
experiences hydrodynamic interaction effects which incurs rapid changes in the 
vehicle’s acceleration. The results of the simulations will provide the necessary 
information to define the safe operating envelope for the vehicle, and detailed insight 
into the underlying physics of the vehicle’s behaviour in that environment. 
 
• Full scale submarine simulations: The present manoeuvring simulations were carried 
out using a model scale submarine to match the experimental setup. Further simulation 
using a full scale submarine is recommended to better represent actual conditions. In 
addition, the full scale manoeuvring simulations can complement the model scale 
experimental work that are often conducted at lower Reynolds numbers, producing a 
thicker boundary layer compared to the full scale condition. This can cause slower 
vehicle`s motion compared to full scale, affecting the velocities on the control planes 
during the manoeuvre. 
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APPENDIX I: Dynamic Grid Techniques 
 
The following dynamic meshing techniques coupled with Rigid Body Solver (RBS) were 
initially investigated to realise the vehicle’s motion in response to the external forces.  
 
• MDM; 
• Immersed Solids Method (ISM); and 
• Re-Meshing Method (RMM). 
 
The capabilities of these methods were examined using the spheroid undergoing straight line 
manoeuvres by various axial forces. These forces were firstly predicted at different axial speeds 
and used as an external input force to enforce the rigid body (see Table I-1). 
 
Table I-1: Prediction of the axial forces at various axial speeds. 
Axial speed [m/s] Axial force [N] 
0.500 0.646 
1.000 2.325 
1.200 3.251 
2.000 8.455 
2.500 12.851 
 
- MDM vs ISM 
 
Figure I-1 shows the time history of the predicted axial forces acting on the body against 
external input forces, adopting the coupled RBD solver with MDM and ISM. It shows that the 
axial forces predicted by MDM coupled with RBD were almost identical to the external input 
forces. However, ISM interfaced with RBD provided up to 10% less axial force prediction at 
2.500 m/s than the external input forces. Moreover, the instability of the predictions was found 
due to the absence of the accurate near wall modelling.  
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Figure I-1: Time history of the axial force predictions by coupling of the 6-DOF RBS with 
MDM and ISM (the forces in the legend represents the external input forces). 
 
Figure I-2 shows the time series of the axial speeds of the body with respect to the external 
input forces. Similar to the previous results, ISM under predicted the speed by up to 16% at 
2.500 m/s mainly due to inadequate near-wall modelling. MDM predictions on the other hand 
were very close to the corresponding speeds of the external input forces.  
 
 
Figure I-2: Time history of the axial speed predictions by coupling of the 6-DOF RBS with 
MDM and ISM (the speeds in the legend represents the corresponding speed to the external 
input force). 
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Consequently, it was found that MDM is far superior for modelling the simulation of the body 
moving in response to external forces, compared to ISM. The inadequate near wall modelling 
has shown to provide poor prediction of axial forces and speeds at the higher external input 
forces. Although the ISM provided less accurate results, this method can be a worthwhile 
solution for a case where accurate mesh generation is difficult due to the complexity of the 
geometry. 
 
- MDM vs RMM 
 
RMM can be implemented to improve the mesh quality (e.g. orthogonality, expansion, and 
aspect ratio) during the simulation run. The capability of RMM in the present study was 
examined by defining the re-meshing criteria (i.e. minimum orthogonality angle >10 degrees). 
In order to demonstrate the effect of RMM, the comparison of the results between MDM and 
RMM were carried out. Figure I-3 shows the time series of the axial forces predictions acting 
on the body against the external input forces by MDM and RMM. Both methods enabled 
predicting the axial forces identical to the applied input forces (i.e. 3.25 and 8.45 N). Note that 
the effective use of this method is necessary as RMM requires three times greater 
computational time than MDM in the current manoeuvring scenario (i.e. straight line 
manoeuvre). With its advantage of controlling the level of the allowable mesh qualities, RMM 
can be an effective option for a simulation where large mesh deformation occurs. 
 
 
Figure I-3: Time history of axial force predictions at the different external input force, by 
adopting MDM and RMM.  
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APPENDIX II: Experimental Uncertainty Analysis 
 
An experimental uncertainty analysis was complete using the methodology and guidelines by 
ITTC (2002b). The uncertainty for the single run and multiple run was calculated at 9.29% (≈10%) and 4.61% respectively. The former, 10%, was used as the experiment uncertainty 
threshold for comparison with CFD results for this study as it was the more conservative value 
of the two. Details of the uncertainty assessment are provided in Table II-1 below. 
 
Table II-1: Experimental uncertainty analysis as per the methodology and guidelines by ITTC 
(2002b) 
Model Particulars 
Definition Symbol Value Units 
Length overall submerged LOS 1.44 m 
Diameter of hull D 0.181 m 
Wetted Surface Area - total S 0.753 m2 
Wetted Surface Area - hull SBH 0.24 m2 
Wetted Surface Area- appendages SAPP 0.032 m2 
Area Waterplane AWP 1.44 m2 
Displacement V 0.181 m3 
Block Coefficient CB 0.628 - 
Waterplane Area Coefficient CW 0.852 - 
Wetted Surface Coefficient CS 3.491 - 
 
Constant 
Definition Symbol Value Units 
Gravity g 9.81 m/s2 
Density - reference Ρref 1000 kg/m3 
Water Temp - test t 18 deg 
Water Density - test ρ 997 kg/m3 
Pulse count c 600 - 
Time based circuitry Δt 0.1 s 
Carriage wheel diameter DW 0.555 m 
 
Multiple Run Data Set 
Run No. U [m/s] Rx [gram] Rx [N] Cd (Cd - Cd mean)2 
1 1.5 346.156 3.396 1.46E-03 2.71E-12 
2 1.5 334.182 3.278 1.41E-03 1.73E-09 
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3 1.5 335.185 3.288 1.41E-03 1.44E-09 
4 1.5 367.278 3.603 1.55E-03 6.08E-09 
Mean 1.5 345.700 3.391 1.46E-03 - 
Standard deviation 
   
5.55E-05 
 
Single Run Data Set 
Run No. U [m/s] Rx [gram] Rx [N] Cd 
1 1.5 334.182 3.278 0.00141 
 
Measurement Accuracy and Bias 
Definition Symbol Accuracy Bias Limit 
Model Geometry 
Model Length BL 1.00E-03 2.00E-03 
Carriage Speed 
Pulse Count BC - 2.36E+00 
Optical Encoder BC1 1.00E+00 1.00E+00 
AD Converter 1 BC2 1.50E+00 1.50E+00 
AD Converter 2 BC3 1.50E+00 1.50E+00 
Voltage to Frequency Converter BC4 2.50E-01 2.50E-01 
Wheel diameter BD 1.00E-03 1.00E-03 
Time Base BΔt 1.03E-05 1.03E-05 
Velocity BU - 5.65E-03 
Tank Water Temperature and Density 
Thermometer reading BT 5.00E-01 5.00E-01 
Temp-density relationship BP1 9.20E-02 6.43E-02 
Convert temp to density BP2 7.00E-02 7.00E-02 
ITTC density assumption BP3 3.00E+00 3.00E+00 
Density BP - 3.00E+00 
Resistance Measurement 
Accuracy of Calibration Weights BRX1 5.00E-05 5.66E-05 
Mass/Voltage relationship SEE BRX2 3.07E-02 3.07E-02 
Load cell misalignment BRX3 2.50E-01 1.08E-05 
AD Converter BRX4 0.00E+00 0.00E+00 
Inclination of model due to speed BRX5 2.50E-01 1.08E-05 
Resistance BRX - 3.07E-02 
Coefficient of Total Resistance BCT - 1.78E-05 
 
Partial Derivatives 
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Definition Symbol Value 
Partial Derivative - Resistance Coefficient   
𝑅𝑅𝑅𝑅0.5𝜌𝜌𝑈𝑈2 (−1𝐿𝐿2 ) 𝜕𝜕𝐶𝐶𝑇𝑇𝜕𝜕𝐿𝐿  -7.03E-04 
𝑅𝑅𝑅𝑅0.5𝜌𝜌𝐿𝐿2 (−2𝑈𝑈3) 𝜕𝜕𝐶𝐶𝑇𝑇𝜕𝜕𝑈𝑈  -1.94E-03 
𝑅𝑅𝑅𝑅0.5𝐿𝐿2𝑈𝑈2 (−1𝜌𝜌2 ) 𝜕𝜕𝐶𝐶𝑇𝑇𝜕𝜕𝜌𝜌  -1.46E-06 10.5𝜌𝜌𝐿𝐿2𝑈𝑈2 𝜕𝜕𝐶𝐶𝑇𝑇𝜕𝜕𝑅𝑅𝑥𝑥 4.30E-04 
Partial Derivative - Velocity 
  
𝜋𝜋𝐷𝐷8000∆𝑡𝑡 𝜕𝜕𝑈𝑈𝜕𝜕𝜕𝜕  7.11E-04 
𝜕𝜕𝜋𝜋8000∆𝑡𝑡 𝜕𝜕𝑈𝑈𝜕𝜕𝐷𝐷𝑊𝑊 2.36E+00 
𝜕𝜕𝜋𝜋𝐷𝐷8000 (−1∆𝑡𝑡2) 𝜕𝜕𝑈𝑈𝜕𝜕∆𝑡𝑡 -4.26E+00 
Partial Derivative - Density 
  |0.0552 − 0.0154𝑡𝑡2 + 0.000120𝑡𝑡2| 
�
𝜕𝜕𝜌𝜌
𝜕𝜕𝑡𝑡
� 
-2.14E-01 
 
Precision Limit (95% Confidence) 
Precision Limit Symbol Value 
Multiple Sample Precision Limit PCTM 6.48E-05 
Single Sample Precision Limit PCTS 1.30E-04 
 
Total Uncertainty - Resistance Coefficient (95% Confidence) 
Uncertainty Symbol Value Cd  [%] 
Multiple Sample Total Uncertainty UCTM 6.72E-05 4.61 
Single Sample Total Uncertainty UCTS 1.31E-04 9.29 
 
